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Summary
Tensile residual stresses can have a detrimental affect on the safe operating limits of 
components. In most cases, these residual stress fields can be relieved through various 
treatments but in some components it is not realistic to completely eliminate these stresses. 
When considering a nuclear power generation plant (civil or naval), knowledge of fracture 
within a residual stress field is essential in support of any safety cases. This research has 
investigated the behaviour of flaws, such as cracks and voids that lie within a residual stress 
field with emphasis on the influence on fracture toughness. The eventual aim is to provide a 
benchmarked methodology of how these flaws will behave through the working life of the 
component / plant.
To obtain this information a numerical model has been created in conjunction with a series of 
experiments to characterise the residual stress field present in a laboratory specimen and its 
affect on the fracture behaviour. These experiments include low temperature fracture 
toughness tests and synchrotron X-ray diffraction conducted at the European Synchrotron 
Radiation Facility (ESRF).
By utilising these techniques it has been shown that a tensile residual stress can induce brittle 
fracture at an apparent stress intensity factor approximately 50 % lower than the as-received 
material. The crack that initiated under initial primary loading was also shown to arrest 
before the total fracture of the specimen had occurred. Using the numerical analysis it has 
been shown that the residual stress is at its peak at the crack tip but rapidly dissipates away 
from the crack tip.
The plasticity model used in the numerical analysis will significantly affect the predicted 
residual stress field distribution. Using data gained at the ESRF it is possible to determine the 
appropriate plasticity model and initially validate the numerical models although further work 
is required to improve the accuracy of the plasticity model.
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1. Introduction
As many of the current nuclear facilities are reaching the end of the intended design life there 
are significant commercial drivers to extend the operational life. To enable an extension to 
the operational life and maintain the required safety requirements calls for the re examination 
of potential conservatisms with any fracture assessment.
Additionally, with the potential for the production of new nuclear power generation facilities 
on the horizon a refined appreciation of the behaviour of defects within high integrity 
components is advantageous. With a significant number of conservatisms reduced or 
removed a relatively cost efficient design would be produced.
One such conservatism is the treatment of residual stresses within a component. During the 
manufacture of components for a nuclear power generation plant (e.g. reactor pressure vessel, 
pressuriser and connecting pipe work) residual stresses can be introduced. These residual 
stresses can interact with the mechanical and thermal operating stresses.
The interaction of the residual stresses with the operating stresses is likely to affect fatigue 
crack growth and apparent fracture toughness of the material. However, this effect is largely 
undefined. The current designs have overly conservative estimates of the influence of 
residual stresses and therefore do not use the full potential o f the material. If the effect of 
these stresses were known, a realistic assessment of the behaviour of the material during its 
operational lifetime could be made. This would result in the production of safer, more 
efficient, cost-effective designs for future nuclear systems.
The aim of this project is to develop numerical models and experimental techniques that will 
better assess the effect o f residual stresses on cleavage fracture. The results of this research 
may then be used to produce benchmark methodology that can predict the through life 
behaviour of such high integrity components and hence be used to support future safety 
cases.
Page 1
Fracture Behaviour of Ferritic Steel under the Action of Combined Mechanical and Residual Stress Loading
To achieve this aim a series of objectives were defined:
1. To characterise the residual stress fields that are formed around flaws such as cracks 
or voids as a result of a mechanical overload.
2. To investigate the influence these residual stresses have on the fatigue crack 
propagation and fracture toughness of low alloy steel.
3. To develop numerical models to simulate the residual stress fields and thus predict 
their influence on the fracture toughness of low alloy steel.
The strategy for achieving the above objectives involves (a) evaluation of the various existing 
techniques for characterising residual stresses and thus determine the appropriate technique 
for this project, (b) measurement of the magnitude, nature and distribution of the residual 
stress using the selected techniques (c) determination of the influence of these residual 
stresses on fatigue crack growth and fracture toughness and (d) development of FE models to 
simulate the generation of the residual stress field within an experimental test piece.
1.1 Structure of the Thesis
Chapter 2 presents a review of the various topics relevant to this project. This covers the 
theory used to assess the fracture toughness of a material. Also included are the various 
techniques that can be used to calculate and measure the influence a residual stress field has 
on the fracture behaviour of a material. At the end of this chapter techniques are identified 
that are best suited to this project.
The various procedures that were used in the experimental and numerical stages of this 
project are detailed in Chapter 3. An explanation of the purpose o f each investigation route is 
also detailed.
Chapter 4 contains a review of the results from both the experimental and numerical 
investigations. Important aspects arising from these tests are subsequently discussed in 
chapter 5, which also includes and discusses the full experimental and numerical results.
Chapter 6  summarises the main findings, draws conclusions and cites recommendations for 
further research.
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2 Literature Review
Before work began in this investigation it was important to review previous work conducted 
in this field and establish how various techniques could be applied to the exploration of this 
research area. This review begins with a history of the relevant concepts and theory currently 
used to estimate the fracture toughness of a material.
A review of techniques used in previous research projects will then be presented. Each 
technique will be evaluated with respect to its application and potential results. At the end of 
this chapter is a summary of key theory as well as a guide to techniques applicable to this 
investigation.
2.1 History of Fracture Mechanics
The ability to understand and predict the causes of failure in a component is fundamental in 
any safety assessment. The concepts which govern the modem understanding of fracture have 
been developed over the last century and are still under revision as new concepts emerge. 
This section will describe some of the basic concepts that have been developed and how each 
advance has improved the understanding of the fracture behaviour of metals.
2.1.1 Griffith Energy Concept
Griffith (1920) investigated fracture-dominated problems and was the first to produce a 
successful analysis. In this research on the propagation of brittle cracks the following theory 
was proposed;
“An existing crack will propagate if thereby the total energy balance is lowered”
Griffith assumed that there was a simple energy balance between the elastic energy released 
from the body and the increase in energy produced through incremental crack growth. This 
simple assumption allowed Griffith to predict the theoretical strength of a brittle solid and 
relate the fracture strength of a material to a defect size.
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Figure 2.1 -  Illustration of a plate under a uniform tensile stress with a through-thickness crack of length,
2a, located at the centre.
The energy balance theory presented by Griffith is best described through the following 
problem. A plate o f unit thickness which contains a crack of length 2a is subjected to a 
uniform tensile stress, a, as shown in Figure 2.1. It was proposed that the energy balance of 
the cracked plate is as follows.
U = U0+Ua+Uy - F [2.1]
Where U — total energy stored in the plate;
Uo = elastic energy of the loaded un-cracked plate;
Ua = change in elastic energy caused by the formation of the crack surfaces;
UY = change in elastic surface energy in the formation of the crack faces;
F  = work performed by the external load.
Griffith was able to produce a general expression for this energy balance by using a stress 
analysis that had been previously performed by Inglis (1913), Equation [2.2].
n o 2a
= 2 % [2.2]
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The right hand side o f  the equation was defined as the energy release rate, ye otherwise 
denoted as G. The left hand side o f the equation relates the resulting stress and crack length, 
a, to the Y oung’s modulus, E, which can be called the crack resistance, R. I f  G >  R  unstable 
crack growth will occur. The crack resistance o f  a material is constant, which allows a 
prediction o f the critical energy release rate, Gc, and hence the critical stress, crc, required to 
cause failure for a known crack size, a, shown in Equation [2.3].
Tzcrla
G c= [2.3]
E
This energy balance was shown to produce good correlation with materials which exhibit 
perfectly brittle behaviour (e.g. glass) but it did not predict the behaviour o f  m aterials which 
exhibit elastic-plastic behaviour during fracture.
Research conducted by Irwin (1948) and by Orowan (1948) related the Griffith energy 
balance to the brittle fracture o f metallic materials. This research illustrated that the energy 
balance described by Griffith should be stated as an energy balance between the stored strain 
energy and the surface energy, ye, and the work done in plastically deforming the m aterial, yp, 
Equation [2.4].
~  = 2 (re + r P) [2.4]
Irwin and Orowan also showed that in many cases the energy required to produce new crack 
faces was minor compared to the energy required to plastically deform the material. This new 
approximation accounts for the potential plastic deform ation that can occur during the crack 
extension in metallic materials. However, its use rem ains limited to crack tips which are 
ideally sharp.
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2.1.2 Stress Intensity Concept
Stress, o
Elastic S tress Distribution
Distance, r
Crack Tip
Figure 2.2 -  Illustration of the increase in elastic stress near the crack tip
Further research by Irwin (1956) led to the stress intensity approach. It was theorised that the 
stress field around the crack tip was amplified, as shown in Figure 2.2. According to the 
theory of Linear Elastic Fracture Mechanics (LEFM) the stress near the crack tip can be 
represented in Equation [2.5], in which / and j  represent the stress tensors, whilst r  and 6 
represent the cylindrical polar coordinates of a point with respect to the crack tip;
[2.5]
Ttr
The parameter K is termed the stress intensity factor and governs the magnitude of the elastic 
stress field at the crack tip. It has been shown to be linearly related to the stress, cr, and the 
square root of the crack length, a otherwise known as the characteristic length. The general 
form for this equation is given by;
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K  = ( j ' f m [2.6]
Irwin showed that the change in work done by the stress field ahead o f  the crack tip as the 
crack extends from length, a, by a small amount, da, is related to the change in strain energy 
for the same crack extension. The critical stress intensity factor, K c, is related to the critical 
value o f stored elastic energy, Gc.
W hen the equations for the stress intensity factor [2.6] and the energy release rate [2.3] are 
examined for an elastic material, a link between the two concepts can be made. For a tensile 
loading case two terms can be related as follows, where v is the Poisson’s ratio;
K 2
G = plane stress [2.7]
K 2
G = — ( l - v 2) plane strain [2.8]
Using the equation above it is possible to define the failure criterion (Kc) in the form o f 
Equation [2.9].
K c =crcJ m  [2 .9 ]
2.1.3 Crack Tip Plasticity
Using the approximation o f  the linear elastic stress shown in Equation [2.5] it can be seen 
that as r decreases the stress level will increase. This equation also dictates that as the value 
o f  r tends towards zero the stress tends towards infinity. A stress singularity such as this at the 
crack tip is clearly nonsense since a structure would fail upon the application o f  the smallest 
o f  external loads.
In reality, metals begin to plastically deform once the stress level reaches the yield stress. 
This introduces a limiting factor to the stress level in the m aterial and specifically at the tip o f  
any flaw within the material. The magnitude o f  any plastic deformation, known as the plastic 
zone, can be calculated through two main methods. The first was developed by Irwin (1961)
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and uses the elastic stress analysis discussed earlier to estimate the size o f  the plastic zone. It 
was proposed that the plastic zone was circular in shape and that the material had a both 
elastic and perfectly plastic behaviour.
The second technique was developed by Dugdale (1960) and is known as the strip yield 
model. The Dugdale model assumes that the plastic zone will form a long slender strip ahead 
o f the crack tip. As D ugdale’s technique is not directly relevant to this research, a discussion 
will be presented on Irw in’s crack tip plasticity model only.
To produce an indication o f  the plastic zone size, produced by the crack, Equation [2.5] needs 
to be re-arranged. Firstly the plane which is normal to the crack tip is considered and the 
yield stress, ov o f  the m aterial is substituted to produce Equation [2.10].
This equation can be re-arranged to form an equation which will predict the extent o f  the 
plastic zone ahead o f the crack tip, ry, for plane stress.
Irwin argued that the plasticity that can occur within the crack tip region, will cause the crack 
to behave as if  it were longer than it physically is. Therefore the effective crack length, aefj, is 
a combination o f the original crack length, a, and an incremental crack length, Aan.
To account for the redistribution o f  the stresses above ay the area over which these stresses 
act must be calculated. By integration, the extension o f  the crack length behaviour caused by 
plasticity at the tip is now set at the centre o f the plastic zone, as shown in Figure 2.3.
K
[2.10]
for plane stress [2.11]
[2 .12]
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Elastic Stress
CTv
CT
Notional^
Distance
Stress Distribution 
r a f te r  Local Yielding
Crack
Figure 2.3 -  Illustration of the local stresses at the crack tip once the crack tip plasticity has been taken
into account (Ewalds and Wanhill 1993).
These methods were only able to define the size o f the plastic zone along the crack plane (0 = 
0). In reality the shape o f  the plastic zone will vary depending on the mode o f  loading 
applied, stress state o f the material and on the angle (0) to the crack tip. As can be seen from 
Figure 2.4 there are three possible loading modes:
Mode I 
(Opening)
Mode II 
| (Sliding)
'  t  i
.r r  1 rWm
Mode III 
(Tearing)
W A
Figure 2.4 - Illustration of the three different loading modes that can be applied to a structure (Anderson
1991)
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• Mode I where the loading applied will cause in plane crack opening (opening)
• Mode II where the loading applied in the plane of shearing (sliding)
• Mode III where the loading applied will cause out of plane shearing (tearing)
<
> (ii)
(iii)
Figure 2.5 Illustration of the typical plastic zone shape induced by pure mode I (i), mode II (ii) or mode
III (iii) loading in a plane stress state.
The different plastic zone shapes caused by each mode of loading are shown in Figure 2.5. In 
complex geometries it is rare for the mode of loading to be purely one of the three modes 
above and it is usually a combination of two or even three modes (although in most cases the 
dominant mode of loading is mode I). Therefore the true shape and size of the plastic zone 
induced cannot be accurately defined by the methods stated earlier.
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Plane Stress at free 
surface
Plane Strain at mid 
thickness
Figure 2.6 -  Illustration of the variation of the plastic zone shape and size with changing stress state
(Ewalds and Wanhill 1993).
The stress state influences the ductility of the material and hence influences the magnitude of 
the plastic zone formed. Figure 2.6 illustrates the influence of the stress state on the plastic 
zone size through the thickness of a component containing a crack. Near the free surface the 
stresses acting into the material perpendicular to the free surface are approximately zero and 
hence the stress field is biaxial. This condition is known as a plane stress state and the relative 
ductility of material is greater.
To predict the shape of the plastic zone it is necessary to develop a new equation based upon 
a yield criterion such as that due to von Mises, Equation [2.13].
(°i - 0 -2 7  +(<r2 " O ' ] + (c r 3 -O ' , ) 2 = 2 cr [2.13]
K  Of.  . O'cr. = — -cos— 1  + sin—
J ln r  2 v 2,
[2.14]
Kcr- = r cos—
■ J im - 2
0 (,  . 0 ' 
1 - s i n — 
2
[2.15]
v
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0 - 3  = 0  for plane stress [2.16a]
° 3  = y(o"i +cr2) for plane strain [2.16b]
Where <ti, 0 2 , oj represent the principal stresses in each orientation.
Using the stress field equations for the crack opening condition, Equation [2.14], [2.16], 
[2.16a] and [2.16b], an expression for the size of the plastic zone for a given angle, r(6), in 
plane stress, Equation [2.17a] and plane strain [2.17b] can be produced.
{&) = IT4%r
Y
U J V14— sin2 0 + cos 0 2 for plane stress [2.17a]
Ka r /
3 ^
-  sin2 ^ + (l -  2 v ) 2 (l + cos 0) for plane strain [2.17b]
2 J
The influence of the stress state on the shape of the plastic zone can be seen in Figure 2.7. 
Under pure mode I loading the plastic zone shape deviates significantly from the circular 
shape previously assumed by Irwin. A similar set of equations can be derived for mode II and 
III loading.
Plane Stress
Plane Strain
Figure 2.7 -  Illustration of the plastic zone formed at the tip of a flaw whilst the material is under mode I 
loading for a plane stress and plane strain stress states.
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The limiting factor of the plastic zone shape predictions is that they are based on the first 
order derivation of the plastic zone size and therefore do not account for the stress that has to 
be redistributed since it is above the yield stress.
2.1.4 Elastic -  Plastic Crack Driving Forces
Figure 2.8 -  Illustration of the contour around the crack tip used to produce an estimation of the elastic -
plastic crack driving forces
The previously defined critical stress intensity factors relate to a material which is behaving 
in a purely linear elastic manner. Rice (1968) attempted to relate the linear elastic theory to 
non-linear elastic and elastic-plastic problems. The result of this research was the /-Integral, 
Equation [2.18], that used a two-dimensional contour, F, around the crack tip as shown in 
Figure 2.8, where W represents the strain energy density, 7} the components of the traction 
vector, Ui the displacement vector components and ds the incremental length along the 
contour.
J =  if W d y - T ^ d s
dx
[2.18]
V
Rice showed that the value of J  obtained from the contour is path-independent. He created a 
closed-contour integral and converted the contour integral into a domain integral, Equation
[2.19], for the area encompassed by the contour.
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[2.19]
Rice proved that the two parts to the integral were equal to each other. Thus for any closed 
integral/ =  0 .
Figure 2.9 -  Illustration of a closed contour around a crack tip which can be used to infer the path-
independence of the/integral.
The next step was to consider two contours, Fi F2 , around the same crack. If these contours 
are then linked along the crack flanks by two further contours, Fg F^ , a closed contour is 
formed. The total J  for the crack tip is a summation of the individual J  values for each 
contour. Using Rice’s previous theorem - that for any closed contour V = 0, the following 
summation can be formed:
We assume that 7/ = 0 on the crack faces since they are free surfaces. J3  and J4  are then each 
considered to have a value of zero thus;
J  — J  j +«/ 2+«/ 3 + J  4 — 0 [2.20]
[2.21]
Further research by Rice related the contour integral to the potential energy release rate per 
unit thickness. A relation of this non-linear potential energy release rate to the linear elastic 
stress intensity factor K  was produced.
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K 2
J  = for Plane strain [2.22]
K.2
J  = for plane stress [2.23]
2.2 Cleavage Failure Mechanism
The worst-case failure mechanism, i.e. the condition which results in the lowest fracture 
toughness of a material, is known as cleavage or brittle fracture. Information on this type of 
failure is required for any safety case. Knowledge of the conditions that will induce this 
cleavage process is essential such that testing regimes can be defined to obtain the required 
results. A definition and explanation of the various conditions that control cleavage fracture 
are presented below.
2.2.1 Micro-mechanism of Cleavage Fracture
During a cleavage fracture failure occurs by the sudden separation of the atoms. Minimal 
plasticity occurs during this type of failure and the crack will propagate rapidly through the 
material. The direction of crack growth is dictated by the loading direction and the preferred 
cleavage plane. The orientation of the cleavage plane which contains the least amount of 
bonds will vary from grain to grain.
There are two stages to cleavage fracture which are the nucléation and propagation of micro­
cracks within the material (Knott 1977). Cottrell (1958) proposed that the micro-crack was 
nucleated through dislocation interaction. However, the generally accepted theory is that 
cracking of the grain boundary carbide particles or inclusions in the welds is caused by the 
stress build up induced by a dislocation pile up at a grain boundary or a twin (Smith 1966). 
The propagation of the micro-crack is governed by the macroscopic stress field within the 
body combined with the resulting stress localisation caused by the pile up.
This type o f crack propagation results in a fracture surface which appears shiny on visual 
inspection. Under closer examination the surface will exhibit an angular structure with clear 
definition between the different cleavage facets. The crack has taken a transgranular path 
through the material. Dependant on the microstructure the crack can take an intergranular or 
transgranular path but transgranular cracking is more common in structural steels.
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2.2.2 Conditions which Induce Cleavage Fracture
Cleavage fracture is dominant when the geometrical, environmental and loading conditions 
dictate an elevated yield stress (Anderson 1991). The m ain influences are the constraint 
afforded by the surrounding material, the tem perature at which the specimen fails and the 
strain rate at which any load is applied.
Constraint
The constraint that is observed at the crack tip o f  a specimen can be related to the observed 
fracture toughness. During previous research (M cClintock 1974; Al-Ani and Hancock 1991) 
it was shown that specimens which contained shallow cracks produced a fracture toughness 
significantly higher than in a similar specim en with a deep crack. The variation in fracture 
toughness was caused by the altered levels o f  constraint experienced at the crack tip.
As the constraint increases at the crack tip the triaxiality o f the stress field also increases. 
This implies that the stress acting parallel to the crack flank, known as the T-stress (O 'Dowd 
and Shih 1991) will also increase. This will, in turn, reduce the ductility o f  the material. I f  the 
constraint level is raised sufficiently the local stress in the material can exceed the cleavage 
stress. I f  this occurs a component will fail through cleavage and hence the measured fracture 
toughness will be low.
The constraint that is observed at the crack tip can also be related to the specimen thickness 
(Anderson 1991). I f  the specimen is relatively thin the stress state within the material can be 
approxim ated by plane stress and hence the T-stress is low. This implies that the local triaxial 
stress is lowered by plastic deformation and hence the material shows a high value o f fracture 
toughness.
Temperature
The fracture toughness o f certain m aterials is sensitive to the tem perature at which they are 
tested. For example a Body Centre Cubic (BCC) material, e.g. ferritic steel, demonstrates a 
large decrease in toughness with a drop in tem perature whilst a Face Centre Cubic (FCC) 
material, e.g. austenitic steel, exhibits little change in the fracture toughness with decreasing 
tem perature (Smallman and Bishop 1995). This is due to the increased num ber o f slip planes
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within the FCC material compared to BCC hence the material is not affected by an increase 
in lattice resistance with a reduction in temperature.
Toughness, Kic
Upper Shelf
Transition
Region
Lower Shelf
Temperature, C
Figure 2.10 -  Illustration of the influence of temperature on the fracture toughness of a BCC material
The variations in toughness with temperature, as shown in Figure 2.10 can be explained 
through the mobility of dislocations within the material to slip (Cottrell 1958). At elevated 
temperatures the lattice resistivity is relatively low and dislocations can move with relative 
ease. If the temperature of the material drops, the resistivity of the lattice increases and thus 
the mobility of the dislocations within the material are reduced. With this reduction in 
mobility a noticeable increase in yield stress is also observed.
The yield stress will continue to increase with the reduction in temperature until a 
temperature is reached at which the material yield stress exceeds the cleavage stress where 
upon cleavage fracture occurs prior to gross plastic deformation.
Strain Rate
Zemer (1944) found that the rate at which a load is applied and hence the strain rate induced 
can significantly influence the apparent toughness of a material. As the strain rate increased a
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corresponding increase in the yield stress o f  the material was also observed and a decrease in 
apparent toughness.
Alder and Phillips (1954) suggested that high strain rates increased the rate o f  dislocation 
generation which out-paced the corresponding dislocation diffusion and increased the 
dislocation density. This, in turn, increased the yield stress (Smallm an and Bishop 1995) and 
promoted failure by cleavage.
2.2.3 Summary
Knowledge o f  conditions which will promote a worst case failure scenario is required to 
provide information for any safety assessment. Brittle failure produces lower bound 
toughness results due to the minimal amount o f  energy absorbed. It is therefore important to 
deduce the conditions in which this type o f  failure may occur.
2.3 Probabilistic Failure Assessments
During fracture toughness tests the relative scatter observed in the toughness o f  components 
which have failed in a brittle m anner can be significant. I f  the distribution o f carbides and 
second phase particles, which are responsible for the initiation o f  brittle cracking, is o f a 
known distribution the resulting fracture toughness can be described through statistical 
approaches. There are two main methods with which this can be achieved (Hohe et al. 2006). 
These m ethods are a local approach and a global approach.
2.3.1 Local Approach
The local approach uses the local m echanical stress and strain fields in the cleavage fracture 
process zone ahead o f the crack front. The m ain local approach is based on the W eibull 
stress model and was developed initially by Beremin (1983). This m odel uses a modified 
weakest link theory to assess the probability o f  failure.
The w eakest link theory describes the area ahead o f the crack tip as a series o f control 
volumes w hich contain a statistical array o f hard particles. This theory states that the 
probability o f  failure (F) occurring is equal to the probability (p) o f  sampling a critical 
particle in the volume ( f )  near the crack front, as shown in Equation [2.24].
F  exp(-ypF) [2.24]
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Beremin developed Equation [2.25] which uses a two parameter Weibull distribution to 
describe the cumulative probability of failure. This equation relates the Weibull stress, aw, to 
the scale parameter of the Weibull stress distribution, alh which represents the 
micromechanical toughness at a failure probability of 63.2 %. The exponent m in this 
calculation is dependent on the material that is under investigation. Typical values for steels 
are between 5 and 20 whereas a value of 20 -  30 can be expected for ceramics. For crack 
propagation the applied stress must exceed the Weibull stress.
[2.25]
Figure 2.11 shows the resulting distribution.
1.2
1.0 -
0.8
0.6 -
0.4 -
0.2
0.0
Weibull Stress (<7W, MPa)
Figure 2.11 -  Illustration of the cumulative distribution used by Beremin to describe the failure
probability.
This initial concept represents a classical view of the weakest link theory. Sampling a micro­
crack in the control volume is not enough to guarantee the failure of that component. A 
critical energy, sufficient to break the bonds between the atoms and propagate the crack 
through neighbouring grains, is required. This implies there is a minimum stress value, which
Page 19
Fracture Behaviour of Ferritic Steel under the Action of Combined Mechanical and Residual Stress Loading
dictates the propagation / arrest behaviour o f  a m icro-crack. A revised theory was developed 
by Gao (2004) to incorporate these conditions o f  propagation. It uses a new term  for the 
minimum stress value, G w ,m in ,  and takes the form o f  Equation [2.26].
In this equation the difference between the W eibull stress and the threshold stress, Ow,min, is 
related to the difference between the scale factor and the threshold stress.
2.3.2 Global Approach
The global approach to probabilistic failure assessment considers the material on the 
macroscopic scale using global loading param eters such as K  and J. The main global failure 
assessment procedure is known as the M aster Curve (W allin 1991). The M aster Curve is used 
to predict the population distribution o f fracture toughness at all temperatures. The M aster 
Curve can be plotted from the fracture toughness results o f a minimum o f  six specimens all 
tested at the same temperature.
The critical value for the elastic-plastic crack driving forces (Jc) are required to create a 
M aster Curve (A STM -E1921-05 2005). This value, J c, consists o f  two parts which are the 
elastic (Je) and the plastic (Jp) as shown in Equation [2.27].
Once the values o f  J c are known the corresponding stress intensity factors, K jc, are calculated 
from Equation [2.28]. A conversion is required to compare specimens o f different 
thicknesses. An empirical relationship was given by W allin (Equation [2.29]), where B0 is the 
specimen thickness, Bx is the required thickness, K jc(x) represents the critical stress intensity 
for the required thickness, whilst the K jc(0) represents the critical stress intensity factor for the 
initial specimens. Finally Kmin is the minimum critical stress intensity factor in the master 
curve, empirically defined, (Wallin 1991).
z
= 1-exp [2.26]
[2.27]
[2.28]
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K Jc(x) -  ^ m in  + I X j c ( 0 )  - ^ m i J [2.29]
The next step is to calculate the W eibull scale factor, Ko,
y  ( K JU)
/=i yV
+ K„ [2.30]
Ko is the K  value at 63.2 % probability o f  failure. N  is the number o f specim ens used. To 
calculate the M aster Curve, and hence the transition behaviour, the median value o f  Kjc is 
required {KjC(med)) and is calculated as follows;
K Jc(med) ~  +  C ^ O  ~  ^ m in  ) I M 2 ) ] [2.31]
Once K jc(med) is known it is possible to predict the reference temperature, To, which defines 
the upper limit o f  the low er-shelf behaviour, and is calculated using Equation [2.32].
Tq = T -
1
V 0.019
In K Mmed)  - 3 0
70
[2.32]
The M aster Curve can finally be produced using Equation [2.33], K jc(meci) values are plotted 
against various tem peratures, T.
f / c M  = 3 0  + 70exp [0 .019 (r + To)] [2.33]
Once this curve has been generated all results should be plotted against their respective test 
temperature. Using tolerance limits o f 5 % and 95 % KjC(med^  it is possible to examine the 
scatter within an experimental test series. Using these upper and lower bounds it is possible to 
highlight unacceptable levels o f  scatter and to investigate potential experimental errors.
Alongside the global approach, a cumulative probability o f failure can be calculated using the 
same assumptions as the local approach. The resulting calculation is as follows.
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P/ (^) = 1 -exp [2.34]
2.3.3 Local Approach vs Global Approach
The main advantage of the local approach over the global approach is that it is based upon a 
micromechanical description of failure. This allows the model to include the influence of the 
local stress and strain fields acting on the inclusions within the material. However, to obtain 
satisfactory information on the stress field, within the fracture process zone, a large number 
of calculations need to be performed.
Compared to the local approach the global approach is generally a robust technique due to the 
use of global parameters for failure. The user easily obtains approximations for acceptable 
levels of scatter within a data set. There is a point of concern when considering the Master 
Curve and its reliance upon a series of empirically derived values to describe important 
aspects o f the materials behaviour. A Kmin value of 20 MPa m0 '5  is used when actually, in 
many cases, the lowest observed fracture toughness is greater (Reed and Knott 1993).
Factors such as constraint and residual stresses can play an important role in the observed 
scatter within a data set. Research has shown (Lefevre et a l  2002) that to incorporate factors 
such as constraint and residual stress the Weibull stress model micromechanical methodology 
requires a new derivation from the basic assumptions. This is complex and unappealing if the 
user is primarily concerned with the macroscopic scale.
The Master Curve, however, is more amenable (Wallin 2003) to the incorporation of residual 
stresses and constraint. A number of factors can be changed such as the threshold toughness 
which describes the crack propagation behaviour. These can be adjusted to account for 
altered fracture behaviour.
2.3.4 Summary
Two main probabilistic approaches are used to predict cleavage fracture. The local approach 
uses a micromechanical model and is described by the Weibull stress model. The global
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approach views the system  on a m acroscopic scale. In the global approach, the leading 
model is the M aster Curve which can predict the potential scatter, at varying tem peratures, in 
a population from a small sample. The local approach requires a detailed numerical 
simulation to predict accurate stresses in the fracture process zone, whereas the M aster Curve 
can be generated directly from fracture tests at a single temperature. This allows simple 
prediction o f acceptable levels o f  scatter.
2.4 S tructural Integrity A sse ssm e n t
In order to ensure the safe operation o f a nuclear plant, it is essential that the acceptability o f 
the flaws present in a component can be accurately assessed. There are several structural 
integrity codes for carrying out such analysis. N otably the UK developed R6 and BS 7910, 
the API RP579 from the USA and F KM from Germany.
The two UK codes have been developed with specific industries in mind. For example the BS 
7910 is geared towards the oil and gas industries whilst the R6 code has been developed for 
the nuclear industry. Each code is also controlled and revised by separate committees. BS 
7910 is controlled by the British Standards Institute and the R6 code by a panel which 
supports the developm ent o f  R6, which is com prised o f representatives from the various 
companies within the U K  nuclear industry.
Since this project aims to further the understanding o f the role o f residual stresses in the 
fracture o f ferritic steel in nuclear applications, an overview o f the R6 code will be presented.
2.4.1 History of the R6 Code
The R6 structural integrity assessment concept was first introduced by Dowling and Townley 
(1975) in 1975. At the time o f writing there were several theories which attem pted to 
incorporate post-yield behaviour into fracture mechanics. Dowling and Tow nley’s idea was 
to simplify the assessm ent o f defects within structures and by-pass other post-yield fracture 
mechanics which were thought to complicate any assessment. It was proposed that failure 
would occur by one o f  two mechanisms, fast fracture or plastic collapse. It was adm itted that 
this technique could present some inaccuracies betw een the two extremes but it was show n to 
be comparable to other post-yield fracture mechanics concepts.
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The first edition of this assessment procedure was released in 1975 and there have been 4 
revisions to date. Each revision has incorporated new methods to produce more realistic 
assessments of the various aspects of fracture. Revision 3 first introduced a framework for the 
influence of residual stresses through the introduction o f a plasticity correction factor, p. This 
was further enhanced in revision 4 with the incorporation o f results from the SINTAP report.
2.4.2 Procedure
The R6  assessment code is used to calculate (Ainsworth 2005);
• The limiting load to avoid failure of a structure containing a known or postulated 
crack-like flaw;
• The limiting flaw size of a structure subjected to a specific loading condition;
• The margins or reserve factors on the assessed conditions (loading temperature, 
material, flaw size) compared with the above two limiting conditions;
• The sensitivity of these margins and factors to the assessed conditions and the input 
data ( stress intensity factor functions, limit load expressions).
To use the R6  approach for fracture assessment, firstly the mechanical properties (e.g. yield 
stress and fracture toughness) of the material are measured. Next the stress fields induced 
during the loading of the component are determined. As part of this evaluation the stresses 
are split into primary and secondary stresses whose definitions are (BS7910 2005):
• Primary: Normal or shear stresses which are developed by an imposed load, usually 
mechanical, to satisfy the laws of equilibrium of internal and external forces and 
moments. These stresses are not limiting or self-equilibrating. Hence primary stresses 
which exceed yield can produce gross distortions and plastic collapse.
• Secondary: Normal and shear stresses developed by the constraint of adjacent 
material or self constraint of the structure. These stresses are self-equilibrating and 
self limiting.
Once the stress distribution is known it is possible to calculate the two factors required to 
predict the acceptability of each flaw. The first is the proximity to plastic collapse {Lr) which
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is a ratio of the primary stress caused by the applied loading (oapp) to the yield stress as 
shown in Equation [2.35].
cr
L_ = app
yield
[2.35]
The second is the fracture ratio { K r ) which is calculated as shown in Equation [2.36] and 
[2.37].
KiK  = [2.36]
K mat
K ^ K f + K *  [2.37]
Kr relates the stress intensity factor (K / ) caused by both primary ( K f )  and secondary ( Kf  ) 
stresses, under mode I loading, acting around the flaw to the fracture toughness (K mat) of the 
material.
Failure 
Assessment CurveUnsafe
Safe
'rmax
Figure 2.12- Example of a failure assessment diagram using the option 1 failure assessment curve.
The values Lr and Kr represent a point on the FAD (as illustrated by point A in Figure 2.12) 
that determines the acceptability of the flaw. It is also possible to use this procedure to 
calculate the factor of safety for a given flaw and operating stresses. This is achieved by 
plotting a line from the origin through the point calculated by the above procedure until it 
intersects with the failure assessment curve (FAC), shown as OB in Figure 2.12. The Factor 
of Safety (FoS) is then calculated by dividing the length of OB by OA. For design purposes 
the maximum allowable defect can also be calculated using the above procedure.
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The shape of the FAC is defined by the following relationships:
K r = f ( L r) for L , < L : [2.38a]
/ ( 4 ) = 0  for 4  > 4 [2.38b]
Where Lrmax is defined in Equation [2.39] and identifies the upper limit for plastic collapse 
which is adjusted for work hardening. The value is a ratio of the yield stress, oy, and the flow 
stress, a/. The value of Lrmax is approximately 1.15 for ferritic steels whilst more ductile steels 
like austenitic steels have a Lrmax of approximately 1.8. The maximum value o f the Lr (Lrmax) 
is a ratio of the flow stress (of) of the material to the corresponding yield stress (ay). Above 
this point the structure is assumed to have undergone plastic collapse.
There are three options for defining the FAC function f(Lr). Each option represents a 
reduction in the level of conservatism and hence an increasing level of accuracy but also 
complexity. The use of each is dependent on the requirements of the user. Option 1 is termed
generally used as an initial assessment to determine if the defect requires further 
investigation. It uses the following function (fi(Lr)) to describe the curve.
Option 2 requires more information on the mechanical behaviour of the material under 
examination. The option 2 FAC, which is suitable for all metals, is given by Equation 2.41. 
Option 2 requires: 0.2 % proof stress (o>), true strain (ere/) at a true stress o f Ljjy and the 
Young’s modulus (£).
max [2.39]
the general failure assessment curve and is independent of the material. This curve is
[2.40]
-i
[2.41]
Finally option 3 is material- and geometry-specific and is defined by detailed analysis of the 
structure in question. The function is a ratio of the J-integrals derived from elastic (Je) and 
elastic-plastic {J) analyses, as detailed in Equation [2.42].
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f i  (4 ) — J eJ
[2.42]
V  ^ V
This option introduces a significant amount of complexity and is therefore not recommended 
for general assessment.
2.4.3 Developments in the Treatment of Residual Stresses
Since the first issue of the R6  code it has been possible to account for residual stresses using a 
secondary stress addition. In this issue the user was required to know the magnitude and 
distribution of residual stress within the component. The interaction of the residual stress with 
the operating stresses was also not accurately considered and thus the resulting assessment 
was too conservative. It was not until Revision 3 of the R6  code, released in 1986, that an 
appendix was included to describe some residual stress distributions that can occur from 
welding. Designers can then take account of residual stresses at the design stage and reduce 
the conservatism of the assessment of the final product.
It has been shown that when a structure is loaded through a combination of primary and 
secondary stresses it is not possible to use a simple linear addition of the primary and 
secondary stresses. This is because the primary and secondary stresses can interact and alter 
the plasticity behaviour of a material (Hooton and Budden 1995). The parameter p, developed 
by Ainsworth (1986) was introduced in Revision 3, and more recently another parameter V 
(Ainsworth et a l 1999) was introduced in Revision 4 (2001), to account for these 
interactions. Both of these parameters act to amplify the magnitude of the secondary fracture 
ratio term and hence the influence of the secondary stress within the FAD. These parameters 
are dependent on crack size and magnitude of the primary stresses but are only applicable 
when the residual stress is tensile.
Since Lr is calculated from the primary stresses alone, these parameters only influence the 
calculation of Kr. As stated in section 2.1, the value of Kr, for a body under the action of 
primary and secondary stresses, is found by the addition of the resulting fracture ratios for the 
primary and secondary stresses. The plasticity interactions are included in the calculation of 
the secondary fracture ratio as shown in Equation [2.43] and [2.44], where Kmat is the 
material toughness.
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[2.43]
-5 = V M K i M [2.44]
The parameter used depends on the preference o f  the user and the magnitude o f the secondary 
stresses, although look-up tables are used in both approaches. This introduces some 
uncertainty in the results and forces a degree o f conservatism. In both cases the param eter is 
used to move the assessm ent point further up the Kr axis and hence account for the additional 
plasticity caused by the interaction o f primary and secondary stresses. For example, the 
calculation o f p, for significant secondary stresses, is completed by using Equation [2.45] 
which uses the ratio betw een the elastic (Kf )  and inelastic stress ( Kf )  intensity factors 
modified by a pair o f  param eters (i//, (p).
The parameters yj and (p are related to Lr and a ratio o f  the elastic/plastic residual stress 
intensity factor, K f ,  and the proximity to plastic collapse, to the linear elastic stress 
intensity factor, K f .  I f  the value o f  this ratio is significantly lower than 4, (as w ould be 
expected from a low er-shelf fracture event) there is a simplified method o f  assessing the 
plasticity correction factor, although this m ethod has also been shown to introduce 
conservatism (M irazee-Sisan et al. 2007).
The p factor is assessed from a series o f calculations depending on the value o f  L r. As the 
failure mode proceeds towards plastic collapse, the influence o f the secondary stresses is 
diminished, as any stress is mechanically relieved, and the p  factor tends to 0.
[2-45]
P  = P\ 1  < 0.8
f  = 4 # ( 1 . 0 5 - 4 )  0 . 8 < 4  <1.05 [2.46]
p  — 0 1.05 < 4
The value of/)/ is calculated from Equation [2.47] where x is a ratio o f K f  and Lr to K f
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p x = 0. be0-714 -  O.OOOTx2  + 0.0003a:5 [2.47]
Kr can also be calculated by Finite Element modelling (Option 3). This is most labour 
intensive and is only warranted where options 1  and 2  prove unusable due to over 
conservatism. A value of K j is calculated from the combined primary and secondary stress 
loading, as modelled, and Kr is the ratio of this value and the material fracture toughness.
If unnecessary conservatism is to be avoided in the defect assessment procedure the process 
of obtaining this correction factor must be improved. New research (Hooton and Budden 
1995; Hooton et a l 2006) has investigated the R5 methodology (Ainsworth 2005) for the 
defect assessments of structures at high temperatures. The calculations used in the R5 code to 
account for the interactions do not rely on a correction factor and hence remove the need for 
look-up tables. Early results (Hooton et a l 2006) have shown that this alternative method 
produces an improved indication of crack driving forces and hence an improved indication of 
the component structural integrity.
Another area of research was conducted to investigate how the secondary stresses are treated 
and how they influence the FAD. In current assessment procedures the primary stresses 
influence the Kr and Lr values whereas secondary stresses (thermal and residual stresses) only 
influence Kr. Green and Knowles (1994) studied the role of secondary stresses in the 
calculation of Kr and Lr. This research suggested that all secondary stresses should be 
categorised as short, medium or long range stresses. These three classifications define the 
different influences a residual stress field can have on the stress intensity factor and net 
ligament stress. It has been shown that the range over which a residual stress acts can alter the 
best method for implementation within a failure assessment. Each classification is defined as 
follows (Ainsworth 2005);
A typical short range secondary stress is a self-balancing stress acting on a through-thickness 
crack face. The characteristic distance over which these stresses act is of the same order as 
the thickness of the material. A short range stress does not cause an increase in the stress 
intensity factor or the proximity to plastic collapse with an increase in crack length. It is, 
therefore, suggested by Ainsworth that a new term, y, be created to incorporate the influence
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of such a stress. The parameter represents the maximum achievable stress intensity factor 
divided by the fracture toughness of the material and is used as an additive factor in the 
calculation of Kr.
Medium range secondary stresses cause an increase in the stress intensity factor with 
increasing crack length. This type of stress can be found in a pipe which has an axial through- 
thickness crack that is subjected to a membrane stress as a result of a thermal gradient within 
the pipe wall. If the crack is extended an increase in the stress intensity factor will be 
observed while the net ligament stress will remain unaltered.
Long range secondary stresses exhibit considerable elastic follow-up and induce increased
net ligament stress and stress intensity factor as crack length increases. Figure 2.13 shows a
plate welded on two opposite sides and a through-thickness crack introduced into the top
side. The constraint induced on the plate acts as a constant stress applied along each edge of
the plate. Therefore, if  the crack is extended, the stress intensity factor increases, due to the
constant loading and the decreasing ligament length. With the increase in crack length the
ligament size decreases. The area available to carry the applied loading has decreased and
hence the net ligament stress escalates.
Stationary walls
Plate welded along each
Applied Stress
edge
Figure 2.13 -  Illustration of a long-range secondary stress induced by constraint from other bodies.
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From the above classifications of each type of stress and the results from the research by 
Ainsworth the influence of K r and Lr can be deduced. The long range secondary stresses have 
a significant influence on both the net ligament stress and the stress intensity factor as crack 
length increases. As a result, this type of stress must be treated as a primary stress. Hence a 
long range stress will influence the calculation of Lr and K r but will not influence the 
plasticity correction factor p. The medium range stress has also been shown to influence the 
stress intensity factor with increasing crack length and therefore should be included as an 
additional term in the calculation of K r and the plasticity correction factor p. This type of 
stress does not show an increase in the net ligament stress. Therefore it will not influence the 
proximity to plastic collapse and does not influence Lr. Long range and medium range 
residual stresses were found to influence the calculation of K r to such an extent that they can 
be treated separately.
Table 2.1 summarises the influence of these stresses on the various fracture parameters.
Table 2.1 Definition of the fracture parameters which are influenced by each of the three stress ranges.
Stress
range
Increase
inK
Increase in 
Ligament net 
stress
Kr Lr P 7
Short Limited No Yes No No Yes
Medium Yes No Yes No Yes No
Long Yes Yes Yes Yes No No
Using the above information a new routine for the calculation of K r, as shown in Equation
[2.48], was developed to incorporate the new concepts.
K r =  K ?  +  K srUongrange) + [K sr(mediumrange) +p]+r  [2.48]
2.4.4 Summary
The R6  code introduced a two criteria approach to the assessment of defects in structures. 
The R6  code uses two criteria: K n which represents the fracture ratio of the flaw, and Lr the 
proximity of the material to plastic collapse. Once these values are known they can be plotted 
on a failure assessment diagram (FAD) and compared to the failure assessment curve (FAC). 
If a point lies below this curve the defect within a component is deemed safe and the factor of
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safety can be calculated. If the point lies outside this line it is deemed to be unsafe (although 
it should be noted that, if  the point does lie above the line, failure is not guaranteed).
Residual stresses are treated as secondary stresses and incorporated into this assessment 
through the Kr term. To account for the altered plasticity behaviour an additional term is 
introduced which is obtained through the use of look-up tables. This method can cause 
conservatism within the assessment. More research is being conducted to remove the use of 
these look-up tables. One method under consideration is to use the correction process adopted 
in the R5 defect assessment code. It was shown (Hooton and Budden 1995) that this 
correction factor reduces the conservatism associated with the use of p and V.
Another idea was to classify the range over which the secondary stress and hence residual 
stress acted. There were three different ranges namely short, medium and long. Each stress 
was classified by its influence on the net ligament stress and the stress intensity factor as 
crack length increased. A revised method of calculating the fracture ratio was then possible.
2.5 Residual Stress
The fracture behaviour of a material can be significantly changed by the presence of residual 
stresses. These residual stresses can be generated through various processes and can act over 
distances as small as individual grains or as large as the whole component.
The presence of a residual stress is not necessarily harmful. A compressive residual stress is 
deliberately introduced in certain manufacturing processes. For example, in the manufacture 
of gun barrels (Parker et a l  2003). The cylinder is subjected to a process known as auto- 
frettaging, in which the barrel is subjected to a predetermined internal pressure to induce a 
compressive residual stress on the inside face. The newly formed compressive stress is used 
to increase resistance to crack formation and propagation.
However, in the majority of manufacturing processes the introduction of a tensile residual 
stress is to be avoided as this can reduce the resistance of a material to crack formation and 
propagation.
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If the influence of these stresses on the fracture behaviour of a material is to be fully 
understood an explanation of how the stresses are both generated and interact with 
operational stresses is required. In the following section the origins and classification of 
residual stresses is presented.
2.5.1 Origins
A residual stress is one stress that remains within the body once external loading (mechanical 
or thermal) has been removed. It is a secondary stress which, as stated in section 2.4, will not 
cause plastic collapse but can interact with applied loading and the fatigue behaviour of the 
component to alter the stress required to cause failure.
These stresses can be generated through manufacturing processes (rolling, forming, welding) 
and through thermal treatments (variation in thermal expansivity between parent and alloying 
material) (Lu 1996).
Flaw
Compressive Forces
Plastic
Zone
Figure 2.14 Illustration of the formation of a tensile residual stress field through mechanical overload.
An example of the generation of a tensile residual stress within a component through 
mechanical overload is shown in Figure 2.14. As an external compressive load is applied the 
local stress at the flaw can be greater than the yield stress. This can cause localised plastic 
deformation, whilst the stress in the bulk remains below the yield stress. Upon unloading, the 
elastic regions within the material try to return to their original configuration. However, this 
is no longer possible as the area around the flaw has undergone plastic deformation. A region 
of incompatible strains is introduced and hence a stress field is created (Withers 2001).
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2.5.2 Classification
Residual stresses may be categorised by the length scale over which the stress is self­
equilibrated. There are three classifications, in order of their characteristic distances, are as 
follows (Withers and Bhodeshia 2001):
Type III -  These residual stresses are inter-granular and act over a few inter atomic 
distances. These stresses are normally caused by point defects and dislocations.
Type II -  These residual stresses are also inter-granular but equilibrate over a larger distance, 
typically a few grains.
Type I -  This classification relates to the residual stresses which act over the largest distance 
and are hence know as macro stresses. These residual stresses can equilibrate over the whole 
component and are generally caused by machining processes.
A combination of each type of residual stress can act simultaneously.
2.6 Experimental Evaluation of Residual Stresses
Knowledge of a residual stress and its influence on the fracture behaviour of a material is 
important in any safety assessment. This knowledge can be gained through a variety of 
experimental techniques. In this section a discussion of the various techniques and the 
potential results is presented with respect to laboratory tests. The techniques discussed fall 
into two main categories: tests which involve the removal of material and are hence known as 
destructive techniques and tests which use non-invasive procedures to measure the residual 
stresses present and are thus known as non-destructive techniques.
2.6.1 Fracture Toughness Tests
To determine the influence of a residual stress on the fracture behaviour of a material it is 
preferable to test specimens for which an analytical solution for the stress intensity factor, K, 
is known. Tests should be performed in the as-received condition and under the influence of a 
residual stress. A comparison of the resulting toughness values can be made once each 
specimen has been fractured.
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There are many techniques, both mechanical and thermal, available to induce a reproducible 
residual stress in a laboratory specimen. Mechanical methods include in-plane compression 
(Cotton 1997), in-plane tension (Smith and Garwood 1990) and side punching (Meith et ah 
2002). Each of these techniques uses mechanical loading, causing plastic deformation, to 
induce a residual stress.
—sfi-
Figure 2.15 -  Illustration of the plastic zone induced through the mechanical loading of a compact tension 
specimen through in-plane compression (i) and side punching (ii).
For comparison, each technique will be described with reference to the introduction of 
residual stress in a compact tension specimen. The side punching method involves the 
application of a compressive load to either the front or front and back face of the specimen, as 
shown in Figure 2.15(ii). The in-plane applied compressive force induces localised plastic 
deformation in the area of contact and upon unloading introduces a residual stress field. This 
method produces a residual stress field, with a peak stress at the notch tip, which self- 
equilibrates through the material.
The in-plane tension and compression techniques use an initial load, known as a pre-load, 
usually applied through the loading holes of the specimen, as shown in Figure 2.15(i). The 
load is designed to produce localised plasticity around the root of the notch which upon 
unloading induces a residual stress field. The resulting residual stress field exhibits a peak 
just below the notch tip which self-equilibrates, as shown in Figure 2.16. A compressive 
residual stress is induced using an applied in-plane tensile load and a tensile residual stress is 
induced through an in-plane compressive load.
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0
0
Distance from the flaw tip
Figure 2.16 -  Illustration of a typical residual stress profile induced following an in-plane compressive
pre-load.
The in-plane compression or tension methods result in a residual stress field similar to that 
produced by a stress concentration, at a flaw, in a real component. However, the side 
punching method does not match the magnitude or distribution of the plastic zone formed 
during such an overload.
The direction of the peak residual stresses will also vary between the two methods. Side 
punching will promote an increased residual stress perpendicular to the direction of crack 
growth. This leads to an increased triaxiality that will alter the behaviour of the material at 
mid-thickness. In comparison the peak residual stress in the in-plane techniques will produce 
peak residual stresses in the crack opening direction. This allows an assessment of the direct 
role residual stresses play in the fracture o f the specimen.
The main thermal techniques are the partial quenching of a test piece (Mirzaee-Sisan 2005), 
the full quenching of solid cylinders (Hossain et al. 2006) and the welding of test pieces 
(Sharpies et ah 1995). In the quenching methods the residual stress field is caused by thermal 
contraction induced by cooling. For example, in the partial quenching method the test 
material is heated to a pre-determined temperature and then partially submerged in room 
temperature water. The thermal contraction causes plastic deformation along the submerged
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surface which induces a compressive residual stress field into the bar. This bar is then tested 
following the introduction of a suitable stress raiser.
The residual stresses induced through the welding process occur via the same mechanism as 
those induced via partial quenching. The parent material resists contraction as the material 
cools, and thus a residual stress field is induced. This procedure produces a near-surface 
tensile residual stress.
If these mechanical and thermal methods are analysed for repeatability and potential 
complexity of a numerical simulation the following observations can be made. The 
mechanical methods have a high degree of repeatability since there are few variables to 
control, namely contact and loading rate. The thermal methods, specifically quenching 
techniques, introduce numerous complexities. These are temperature control, time between 
heat source and quenching water, the temperature of the quenching medium and the area in 
contact with the quenching medium. Variation in any of these factors can introduce changes 
in the residual stress field and hence reduce the validity of any comparison between 
specimens.
Of the two mechanical methods the in-plane compression/tension is the easier to model 
numerically. This technique does, however, present a limitation in the depth of the flaw that 
can be introduced. If the flaw is grown out of the plastic zone where the material is elastic the 
influence of the residual stress could be substantially reduced by stress relief.
2.6.2 Measurement Methods -  Destructive
Although it is preferable to use non-destructive methods where possible; cost, time and 
availability issues mean that destructive techniques are sometimes the only feasible options. 
In many cases a minimal amount of material is removed from the component under 
examination; ultimately the specimen maybe destroyed in the measurement process.
Hole Drilling
This technique relies on the measurement of the deformation of a material caused by the 
relaxation of a residual stress field. Hole Drilling was first used by Mather (1934) who 
examined the deformation caused by residual stresses around drilled holes.
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Figure 2.17 - Hole Drilling (a) Strain gauge placement to obtain principal strains (b) Freshly drilled hole 
(c) Resulting deformation from compressive residual stress field
A hole is drilled into the material and the resulting deformation is measured using a rosette 
strain gauge that surrounds the hole location (see Figure 2.17 (a) -  (c)). The strain relief in 
three directions is measured and the direction of the principal stresses calculated (Withers and 
Bhodeshia 2001). This technique is limited to surface and near-surface measurements (less 
than 5 mm). This is because, as the depth of the hole increases, there is a reduction in the 
influence of the residual stresses on or near the surface of the material. The diameter of the 
hole is related to its depth and it becomes impracticable to remove large quantities of 
material.
A similar technique, known as the deep hole drilling technique, was developed by Zhandanov 
and Gonchar (1978) to measure the residual stress distribution through the thickness of a 
component. Again, a hole is drilled through the material, approximately 8  mm in diameter. A 
core is then cut into the material using the first hole as its axis, approximately 40 mm in 
diameter. The resulting deformation is measured as the residual stress field relaxes.
In the research conducted by Zhandanov and Gonchar the changes in diameter of the initial 
hole were measured by the insertion o f strain gauges along the sides of the hole. The 
technique used to measure the changes in diameter was enhanced by the introduction of an air 
gauge by Leggatt (1996). In this method the air gauge assessed the diameter of a hole by the 
pressure required to push air from the gauge to the hole as shown in Figure 2.18.
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Figure 2.18 -  Example of the deep hole drilling method to measure the residual stress distribution
through the thickness of a component.
The diameter of the initial hole is measured before and after the core removal at various 
depths and at various rotational angles. Using the new air probe the diameter of the hole can 
be measured within 0.5 pm, which relates to an error in the estimated residual stress of 
±30 MPa. Along with enhancements in measuring the diameter of the hole the drilling 
method itself has also been enhanced by the use of a gun drill. This has reduced the size of 
the hole to approximately 3 mm diameter, and improved the linearity of the hole. This 
reduction in initial hole size will result in an increase in the spatial resolution of this 
technique.
The effectiveness of the method is susceptible to the accuracy of the initial hole drilling, 
especially linearity and precision of the internal diameter. However, by introducing the air 
gauge, it is possible to compensate for these issues. Another issue is the concentricity o f the 
core to the initial hole as any variation in thickness can alter the deformation through 
relaxation.
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Contour Method
The contour method, first described by Prime (2001) in 2001, measures the deformation due 
to relaxation of a residual stress field. A slice is cut through the component using wire 
electrical discharge machining (WEDM). WEDM exposes a surface, which then deforms to 
relieve the residual stresses, as illustrated in Figure 2.19.
Potential
Deformation z-planeDirection
cut
Plane of the 
cut
Figure 2.19 -  Illustration of the contour method and the potential deformation induced by the relaxation 
of the residual stress field with reference to a compact tension specimen.
In the majority of previous work (Prime and Martineau 2002) the surface deformation is 
measured using a coordinate measuring machine (CMM). The average resolution of a grid for 
this technique is 0.5 mm between data points with the resolution in the z-plane (into the 
material) of approximately 1 pm. The results from the CMM are used to produce a map of the 
surface deformation. This map can then be applied to create a numerical model of the 
deformed surface. Applying a series of displacements to the nodes of the cut face to produce 
a flat surface will produce a prediction of the residual stress distribution. The resolution of the 
measuring stage can be increased but this increases the number of elements and nodes of the 
simulation, and forces a compromise between computational time and resolution.
In recent research the deformation was measured using a confocal laser ranging probe (Prime 
et a l 2004). This method can achieve z-plane resolution of 0.2 pm with a laser spot size of 7 
pm, which implies that a grid of significant resolution could be achieved. A compromise
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between measurement resolution and simulation size needs to be made. Laser scanning is the 
preferred choice as it has an increased resolution. However as the equipment is expensive and 
acceptable results are achievable with the CMM a significant proportion of experiments still 
use CMM.
These techniques have been used on many different applications such as the measurement of 
residual stresses in thick steel welds (Dewald and Hill 2001) and foreign object damage 
(Prime and Martineau 2002) (Turski et al. 2006). This research shows that the contour 
method gives relatively high resolution estimations of the stress distribution with good 
correlation to the results from neutron diffraction studies. The CMM technique is relatively 
inexpensive in terms of both time and cost.
The resolution that can be achieved with the CMM technique is contrasted by the difficulty in 
achieving a suitable cut that will allow the material to deform. It is possible to change a 
number of the parameters (feed rate, current etc), and in so doing minimise the recast layer 
which will thus inhibit deformation as the residual stress relaxes. The direction of the cut is 
also important as this will influence the direction in which the material can deform and hence 
alter the residual stress field predicted by the numerical modelling.
2.6.3 Measurement Methods -  Non-Destructive
The only means of determining the true shape and magnitude of a residual stress field 
introduced into a component is through non-destructive measurements. This is due to the 
absence o f external influences on the material that must alter the stress field in the 
component. In these types of experiments the residual strain is measured and from this the 
residual stress can be calculated. The traditional method of measuring the surface strains is to 
use a series o f strain gauges which are positioned on the surface in areas o f high strain. This 
method has many limitations. Each position can only measure an average strain for its 
position and only in the direction of alignment. If the direction of the maximum principal 
strains is required, a rosette gauge is necessary. This increases the measurement area and 
reduces the sensitivity of the measurement.
To increase the resolution of measurement it is necessary to use strain mapping techniques, 
such as Electronic Speckle Pattern Interferometery (ESPI), Digital Image Correlation (DIC), 
X-ray, synchrotron X-ray and neutron diffraction. ESPI, DIC and X-ray diffraction are
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limited to the visualisation of surface displacements whereas neutron and synchrotron X-ray 
diffraction methods are able to measure through-thickness variations in strain.
Electronic Speckle Pattern Interferometry
In this technique coherent laser light is projected onto the surface of a specimen. The laser 
light is reflected from many points on the optically rough surface. Since the reflected waves 
travel varying distances an interference pattern is produced in the form of bright speckles. As 
the specimen is subjected to a load the surface positions of the speckles change. To estimate 
the displacement on the surface, multiple images are taken. These are then compared to a 
reference image taken in an unstrained condition, in order to produce a series of correlation 
fringes. The fringes produced represent the contours of equal displacement.
CCD
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Figure 2.20 - Illustration of the electronic speckle pattern interferometry illumination and image capture
apparatus.
Electronic speckle pattern interferometry (ESPI) was first developed by Leendertz (Leendertz 
1970) focusing on simple translations or rotations. To measure the in-plane displacement on 
the surface of a specimen the following method is employed. A single coherent source is 
split into two identical beams which are directed towards the surface of the specimen. A CCD 
camera is positioned directly above the specimen to record the corresponding interference
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patterns, as shown in Figure 2.20. Using this technique it is possible to measure two 
perpendicular directions. To measure out-of-plane motion a single coherent beam is directed 
forwards and the reflected pattern is combined with the original laser light.
research conducted by Kennedy (2004). Hoop strains around a cylinder, which is subjected to 
increasing internal pressure, were measured by the ESPI technique; electrical strain resistance 
gauges (ESRG) and estimated by theoretical methods. It was shown that using ESPI it is 
possible to track the increase in hoop strain with increasing internal pressure. The 
measurement made showed good correlation to other proven techniques. However, the area 
that could be measured was limited due to the resolution required and the area visible to the
ESPI is sensitive to vibration, poor illumination and noise in the signals from the camera. 
This can present problems when ESPI is taken into the field to analyse in-service parts. 
Another issue is the space requirement for the equipment required to conduct ESPI. Again 
this generally limits ESPI to laboratory conditions. If the displacement of the speckle pattern
made. Therefore multiple images are required for specimens subject to large displacements. 
Digital Image Correlation
This technique has been developed over recent years to measure curved surfaces as shown in
camera.
is too large the two images will not overlap and hence estimations of the strain cannot be
Applied
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position
o o 
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Figure 2.21 Illustration of the movement of pixels when a load is applied to a body
Digital image correlation (DIG) (Sutton et al. 1983) uses a digital camera, with a high- 
resolution capability, to collect images of the surface at various points during loading. In each
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of the images a series of sub-sections are created which depict individual patterns. The 
surface displacements are calculated by tracking the movement of these sub-sections from 
image to image. If the results from all sub-sections are combined a 2D displacement map can 
be produced. ^
To provide the optimal conditions for patterns to be identified, there must exist a significant 
contrast between the patterns on the surface and the background. Constant illumination is also 
required to prevent any shadows which may cross the surface from obscuring the surface 
pattern. In the majority of applications a speckled pattern is sprayed onto the surface to 
improve the ability to track the displacement between images. A fast Fourier transform is 
used to match various pixel blocks from image to image.
DIC is not limited to specific sizes as the only requirement is a unique pattern from which 
movement of the surface can be tracked. Unfortunately as the measurement area increases, 
the resolution of the strain map decreases.
As with all techniques of strain measurement it is impossible to measure the strain without 
knowledge of the initial unloaded surface state of the specimen. Surface information provided 
by techniques such as ESPI and DIC can be useful for the validation of numerical models but 
are not able to provide information on the through-thickness residual stress field produced by 
preloading processes. For this other techniques must be employed.
X-ray Diffraction
Diffraction of any type occurs when an incoming wave comes into contact with a series of 
scattering objects which are set at a spacing of the same order of magnitude of the incoming 
wave, as illustrated in Figure 2.22. Using Bragg’s law (Bragg 1912), shown in Equation
[2.49] it is possible to calculate the spacing of these scattering objects, d, if  the wavelength, X, 
and reflected angle, 0 , is known.
d  =
2X
sin#
[2.49]
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Figure 2.22 Illustration of the diffraction that occurs within a crystalline material.
The atomic spacing, otherwise known as the lattice spacing, of a crystalline material is o f the 
same order as an X-ray or a neutron wave. It is therefore possible to use Bragg’s law to 
calculate the spacing of the atoms. In the presence of a residual stress the spacing of the 
atoms will vary. It is thus possible to use such a diffraction technique to measure the 
variations in atomic spacing. Using this information, with prior knowledge of the unstrained 
spacing, do, an estimation of the uniaxial strain, s, within the material is possible. Equation
[2.50]. The unstrained spacing can be obtained from a powdered sample, an annealed sample 
or a region within the material known to be unstressed.
d  — d n [2.50]
The two main methods used to estimate the lattice spacing are the angular dispersive and 
energy dispersive techniques (Cullity 1978). The angular dispersive method uses a 
monochromatic beam in which the diffraction angle, 20, is monitored. Variations in the 
recorded diffraction angle are related to the various strains through;
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s  = -c o t# A #  [2.51]
The energy dispersive technique uses a polychrom atic beam with a fixed diffraction angle. In 
this technique a solid state detector is used to m easure the energies o f the diffracted photons. 
The lattice spacing is calculated by Equation [2.52]
E = —  [2.52]
Â
E  = energies o f  the photons 
h = Plank’s constant 
c = speed o f  light
If  this is then related to the lattice spacing through Equation [2.49] an estimation o f the lattice 
spacing at the measurement point can be m ade by Equation [2.53]. Finally this can be 
inserted into Equation [2.50] to produce an estimation o f the strain through the recorded 
energies at the measurem ent point, Equation [2.54]. W here E0 is the energy recorded from an 
unstrained lattice spacing.
d  =
ch 
I E  sin 6
E_
E n
1
[2.53]
[2.54]
This type o f technique is typically used in the application o f laboratory X-rays. Such a facility 
is limited to surface and near surface m easurem ents (1-2 pm in mild steel) due to the lack o f 
penetrating pow er o f these types o f  X-rays. O ther drawbacks are the increased counting 
times, o f  the order 20 minutes per point, and the increased m easurem ent volume (W ithers 
2001).
Synchrotron X-ray Diffraction
Unlike laboratory X-rays, which are produced from a point source, a synchrotron X-ray is 
generated by accelerating an electron beam  close to the speed o f  light and then passing the 
beam through a magnetic field to induce a ‘w obble’. As electrons slow down, energy is 
released in the form  o f  X-rays with energies between 40 - 300 keV (w w w .esrf.fr).
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With the increased energy comes increased penetration depth, 1 0 - 2 0  mm in mild steel, 
hence the method can be used in many more applications. With the increased energies it is 
possible to produce narrow beams and thus small gauge volumes, 150 x 150 pm. This is 
accompanied by significantly reduced measurement times per measurement volume, which 
can be of the order 1  min per point.
There are two main methods used to estimate the lattice spacing within the material while 
using synchrotron X-ray. These are the angle dispersive method and the energy dispersive 
methods described earlier. As a result of the higher energies involved the diffraction angle is 
smaller than that of the laboratory techniques. Therefore to reduce the length of the path the 
beam takes through a sample, a transmission path is chosen instead of a reflection path. This 
allows measurements within the bulk of the specimen.
Neutron Diffraction
The potential penetration power of a neutron beam is significantly higher than that of a 
synchrotron X-ray beam. By limiting the region that is irradiated and the width of the slit 
through which the neutrons pass, it is possible to measure a gauge volume of approximately 1  
mm3  (Steuwer et ah 2004). This presents significant potential for examining the strains within 
large engineering components.
There are two (neutron diffraction) techniques used to measure the variations in lattice 
spacing of a material: the angular dispersive technique use a reactor source (i.e. constant flux 
of neutrons) whilst a time-of-flight technique uses a spallation source. The angular dispersive 
technique is similar in principle to X-ray diffraction. The time-of-flight technique (Johnson 
and Daymond 2003) uses neutrons which are stripped from a target by a proton beam in short 
pulses. Once these neutrons have been moderated they are directed towards a target. The 
wavelength of a particular neutron can be calculated from de Broglies relationship, where h is 
Planks constant, t is time of flight, m is the mass of neutron and / is the length of the path 
travelled.
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Equation [2.55] can be substituted into Equation [2.49] to produce Equation [2.56] an 
estimate o f the strain at the measurement point.
s  - Af [2.56]
where Af = Change in time o f flight
2.6.4 Summary
A review has been conducted o f the various experimental techniques that are available to 
evaluate the influence o f a residual stress on the fracture behaviour o f a m aterial. This began 
with a review o f  the m ethod o f introducing residual stress into a specimen to be used in a 
fracture toughness test. This can be achieved by mechanical loading through three different 
methods or through thermal treatments. W ith regard to introducing a residual stress into a test 
piece the in-plane tension or compression technique was deemed most suitable given the 
ability to accurately repeat the application in m ultiple specimens. This technique was also 
best suited to numerical simulation to allow the analysis o f the stress field induced.
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Figure 2.23 -  Schematic indicative of the approximate current capabilities of various techniques (Withers
et al. 2008)
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The other techniques reviewed have focused on measuring and visualising the residual stress 
fields within a component, a summary is shown in Figure 2.23. This has included three 
techniques, hole drilling, deep hole drilling and the contour method. The best method to 
measure the stress field within a component is to use non-destructive techniques such as DIC, 
ESPI, X-ray diffraction, synchrotron X-ray diffraction and neutron diffraction. The first three 
techniques are limited to surface measurement whilst the latter two can achieve varying 
degrees of bulk penetration.
The conversion of the measured strains fields to an estimated stress field is prone to 
conservatism. This is due to the complex nature of a stress filed within a physical body and 
limited principal strain orientations that can be measured with current techniques. Thus it is 
viewed that to obtain a robust validation of a numerical model a comparison o f the measured 
strains should be used.
The information achievable through synchrotron X-ray diffraction and neutron diffraction is 
significant. However, due to the limited number of sites, ESKF (France), APS (USA) and 
SpingS (Japan), to conduct synchrotron X-ray and neutron diffraction and the length of time 
it takes to collect data on sizeable specimens, the use of ESPI, DIC and X-ray diffraction 
should be considered. They could be used as an interim means of producing initial estimates 
of the residual stress fields in a specimen since they are techniques that are easier to access.
2.7 Numerical Simulation of Residual Stresses
Numerical analysis can provide a simple and cost-effective method of investigating stress- 
related problems. Numerical methods are an important tool in the analysis of stress fields 
both within test specimens and around potential flaws and cracks. Understanding can be 
gained of the interaction of the residual stress and primary loading and the influence on the 
fracture behaviour. In this project finite element modelling (FE) is to be used in the numerical 
analysis stage. Using a set of predefined equations and user-defined material properties it is 
possible to calculate the stress and strain distribution within a component.
2.7.1 Residual Stress Generation
There are two main methods to produce a residual stress within a simulated component. First, 
the simulation of the physical process (Fonseca et al. 2005),(Price et a l 2006), (Plant 2004),
Page 49
Fracture Behaviour of Ferritic Steel under the Action of Combined Mechanical and Residual Stress Loading
(Prime 1999) (e.g. welding, overload) or to introduce an initial stress state from an 
experimentally observed stress states (Sun and Sehitoglu 1992; Beghini et a l  1994; O'Dowd 
and Lei 2002).
A detailed knowledge of the process involved and the material properties of the component is 
required to conduct a simulation of the physical process. The introduction of a residual stress 
into a compact tension specimen by mechanical overloading is used to illustrate this point. It 
is necessary to know the loading rates applied to the specimen and the points of contact 
which will affect the stress fields within the specimen to conduct this simulation. Along with 
these physical interactions, an understanding of the stress strain behaviour and hence work 
hardening behaviour o f the material is required, this will define the material elastic-plastic 
behaviour.
In practice there are two widely used models of work hardening which can apply to a 
material. These are the isotropic and kinematic models (Prager 1956). The concept of stress 
space is used to understand how the material behaves. The ellipse in Figure 2.24 represents 
the yield surface of a material. In an isotropic model the yield surface expands to ensure the 
stress remains on the yield surface. The yield point in the reverse loading direction is also 
increased. For a kinematic model the yield surface translates, also shown in Figure 2.24 (b), 
instead of expanding to meet the same criterion. Therefore the yield point in the reverse 
loading direction is now reduced. This phenomenon, commonly observed in ferritic steels and 
other metals, is otherwise known as the Bauschinger effect.
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Figure 2.24 -  Illustration of the behaviour of (a) isotropic and (b) kinematic plasticity models in stress
space for plane stress.
The model used will significantly influence the residual stress profile induced during the 
simulation. As described in section 2.4, a residual stress is a secondary stress and is therefore 
limited by the yield stress of the material. Hence any alteration of the surface during the 
introduction of the yield stress will affect the maximum size of potential residual stresses at 
the tip of a flaw.
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0
T3
0 1
Normalised Through Thickness Position
Figure 2.25 Influence of model relaxation on the experimentally measured stress field, if input stress is
unedited.
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With this information it is possible to create a model which represents the loading of the 
component and the behaviour of the material.
To apply an initial stress state is a simpler process, with regard to numerical problems, as it 
removes various contact and loading rates. In this method an experimentally defined stress 
state is normally measured using either neutron diffraction (Xu et ah 1994) or a slot cutting 
technique (Hadidi-Moud et a l  2002). The results cannot be applied directly to the FE 
simulation as the body will try to equilibrate the stress field and hence reduce its magnitude, 
as shown in Figure 2.25. To counteract this effect the results are manipulated using Equation
[2.57] to determine a stress magnitude to compensate for any redistribution within the model 
and hence will result in the desired stress field.
o'WrJ = o 'W L ,+ M 4 a ^  [2.57]
c(*L
where o(x)l+1inp = Stress value to be input into the model
o(x)linP = Stress value from last iteration
/? = Integral factor
<y(x)targ = Target stress value
(j(x)out = Stress value obtained from the FE simulation
It has been shown (Lei et ah 2000) that this method will produce accurate stress fields at the 
point of observation. Elsewhere, the stress field is different from that in a real specimen. This 
can lead to problems when further loading conditions are applied, as the interaction of these 
primary and secondary stresses will be influenced. Since these stress fields are measured 
from a specific experimental sample the resulting measurements are also subject to 
experimental inaccuracies which will influence the outcome of the simulation.
Simulating the physical process will provide far more information about how the stress field 
evolves and how the stress field extends through the specimen. This technique also gives a 
better simulation of crack growth as it will include plastic deformations specific to its loading 
and contact definitions.
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2.7.2 Fatigue Crack Simulation
In fracture toughness experim ents which incorporate a residual stress field a fatigue crack is 
grown into a specimen through the residual stress field. The presence o f a residual stress field 
will influence the growth rate o f  the fatigue crack. Crack growth will, itself, influence the 
magnitude and re-distribution o f  the residual stress field.
It has been stated (Beghini et al. 1994) that, when considering the influence o f  residual 
stresses on fatigue crack growth in tension, two main situations can arise (a) the crack 
remains completely open (tensile residual stress) or (b) the crack is partially or completely 
closed (compressive residual stress).
For situation (a) the influence on the stress intensity factor (SIF) can be deduced by a simple 
addition o f the stresses caused by far-field loading and residual stresses due to reversed 
plasticity. Situation (b) is m ore complicated as it involves stresses induced by crack closure 
in addition to the far-field and residual stresses. It has been shown that for cracks grown 
while situation (a) exists, the growth rate can be predicted if  the un-cracked body stress field 
is known and a weight function is used. Due to the complications o f the crack-closure stresses 
this technique is not a reliable method o f predicting the fatigue crack growth rates in situation 
(b).
The phenomenon o f  fatigue-crack growth under far field cyclic compression has not been 
covered in these studies. This can occur when a tensile residual stress field is present. It has 
been shown (Aswath et al. 1988) (Reid et al. 1979) that the interaction o f the far field cyclic 
compressive forces with the tensile residual stresses causes a cyclic tensile stress state at the 
crack tip as illustrated in Figure 2.26.
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Figure 2.26 Illustrations of the applied far-field compressive stress field and resultant stress field at flaw
in the presence of a tensile residual stress field.
Although fatigue cracks grown in tension and compression are both a result of a cyclic tensile 
stress field, their growth rates are dissimilar. For a fatigue crack grown in tension, the crack 
growth rate is initially slow but as the crack extends the SIF increases, thus increasing the 
crack driving force (Anderson 1991). This will continue to increase with crack length until it 
reaches a critical point at which the component will fracture. A fatigue crack grown in 
compression, will behave remarkably differently, as illustrated in Figure 2.27. As the crack 
length extends the growth rate decreases until it eventually arrests (Aswath et al. 1988).
This behaviour can be explained if the distribution of the residual stress field is examined. At 
the tip of the flaw, where maximum plastic deformation has occurred, the tensile residual 
stress field is highest and hence the crack driving forces are greatest, as is shown in Figure 
2.16. This stress field dissipates away from the flaw tip suggesting that the crack driving 
forces also decrease. Finally, the tensile stress field is reduced to zero or can become 
compressive as the crack grows due to the redistributed residual stress field. This removes the 
driving force for the crack to propagate and hence it arrests.
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Figure 2.27 Tensile and compressive fatigue crack growth
In a number of reports (Sun and Sehitoglu 1992; Beghini et a l 1994; Xu et a l 1994) to 
simulate fatigue crack growth the symmetry boundary conditions were released on a series of 
nodes thus creating a free surface. In each case the crack was introduced instantaneously. 
This does not realistically represent the incremental time-dependent growth of a crack. There 
are a number of problems when using this technique to simulate crack growth. Firstly, the 
release of nodal sections introduces an infinitely sharp crack tip into the simulation which 
will cause a greater stress concentration factor. The consequently inflated SIF gives rise to an 
inflated residual stress distribution at the crack tip. Secondly it has been shown (Fonseca et 
a l  2005) that, if the crack is introduced instantly, rather than progressively, an over-estimate 
of the residual stress field results. This is because the instantaneous introduction of a crack 
will not account for the plastic wake that is formed during the crack growth process.
A method developed by Newman (1975) uses a symmetry model with a series of line spring 
elements located in the symmetry plane. Two different line spring elements are attached to 
each node along the crack path. One element will be very stiff in compression but possess no 
stiffness in tension whilst the second element will possess the reverse conditions. To simulate 
fatigue crack growth the line spring element with stiffness in tension is deleted thus removing 
the boundary condition.
The benefit of this technique over the removal of boundary conditions is that it allows the 
researcher to investigate the effect of crack closure during fatigue crack growth. This is 
possible since the remaining line spring element acts as a barrier preventing the specimen 
from crossing the symmetry plane. This is an important consideration for a fatigue crack 
which is grown using a cyclic compressive force since the applied force may overcome the 
present residual stress and cause contact between the two faces of the fatigue crack. However,
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line spring elements cannot be applied to a three dimensional problem which limits their 
applications and since the majority of residual stress fields are tri-axial. Hence, this approach 
will not provide an accurate indication of the resulting K value.
2.7.3 Estimation of Crack Driving Forces
A prediction of the crack driving forces present at the crack tip prior to fracture can be made, 
once the simulated crack has been introduced into a residual stress field. It is this information 
that will provide an insight into the influence that residual stresses have on the fracture 
behaviour. Plasticity induced through residual stress generation and/or fatigue crack growth 
simulation implies that the problem can no longer be treated with linear elastic fracture 
mechanics. Therefore the J integral should be used to estimate the SIF caused by the residual 
stress field.
It is possible to calculate the value of J from the far field stress, strain and displacement 
predicted by a numerical model. In these calculations it is assumed that the strain energy 
density term is a single parameter, which is true for elastic and non-linear elastic materials. 
For an elastic-plastic material this can only be justified if  the material is undergoing 
proportional loading, i.e. a monotonie loading is observed with each of the stress and strain 
tensors varying in constant proportion to each other.
When a residual stress field exists and a crack is subsequently introduced this can produce 
non-proportional loading conditions. Results achieved by the traditional calculation of the J 
integral. Equation [2.18] will no longer be path independent. Shih (1986) and Moran (1987) 
produced a modified version of the J integral, Equation [2.58], which does not rely on the 
proportional loading assumption and therefore retains path independence for residual stress 
problems. Equation [2.58] assumes that no body forces or crack face tractions are present.
( du . ) ff d e . dw'
V ^ 1
ri;ds + y1 J
A
V dx{ a*, JdA [2.58]
In this Equation the strain energy density, Equation [2.59], is based upon the total strain 
which consist of the initial, e,/, and mechanical, strain as shown in Equation [2.60]. The 
mechanical strain, £//”, is based on the elastic and plastic strain as shown in Equation [2.61].
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W = jcTijdSy [2.59]
[2.60]
[2.61]
Equation [2.62] was converted into a domain integral by Li (1985) to facilitate the numerical 
evaluation of the J integral through FE methods. In the case of a domain integral the J value 
is calculated over an area instead of a line. A smoothing function q is introduced to apply a 
weighting system to influence the value of J at the crack tip. As can be seen in Figure 2.26 
the value of q is equal to 0  at all nodes on the surface of the outer contour, F0, and q is equal 
to 1 on all nodes on the inner contour, F;, and all nodes inside the area between the two 
contours. In the outer ring of elements the value of q is ramped down to 0.
J = \
Ô U  ;
(J;: - W 6 X
dq_
dX;
+
dSy dW 
lJ dxx dxx
[2.62]
In the FE analysis package there is a post-processor which calculates a value of J from the 
predicted stresses, strains and displacements. This post-processor is based upon the 
assumption of proportional loading. This is not valid for problems in which a crack is 
introduced into a residual stress field and initial strains are present. It has been shown (Lei 
2005; Lewis et al. 2007) that using this in-built function produces path-dependent results.
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Figure 2.28 -  Illustration of the area enclosed by the J domain integral and the corresponding values of
the smoothing function q (Lei 2005).
A separate ABAQUS post processor is available known as J by Evaluation Domain Integral 
(JEDI), developed by Serco Assurance (Beardsmore 2008). This post-processor utilises the 
formulation of J which assumes non-proportional loading, incorporates body forces and crack 
face tractions and is more robust when considering the calculation of J when a residual stress 
is present. In addition to the removal of the proportional loading assumption the JEDI 
formulation removes the table top smoothing function and ramps q down from 1  at the inner 
contour to 0 at the outer contour. It has been shown that the values of J produced by this post­
processor are path-independent for initial strain problems. Removing the table top smoothing 
function has allowed this post-processor to account for material interfaces and creep crack 
growth problems.
Although the calculation of J using the JEDI post-processor is path-independent, the results 
are still mesh-sensitive. This is a logical assumption as the stress, strain and displacements 
predicted by the FE models are mesh-sensitive. A badly structured mesh can introduce path 
dependency and therefore invalidate the predicted values of J.
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2.7.4 Summary
The two main methods of introducing a residual stress field into a simulation have been 
reviewed. The first was a simulation of the physical process that was experienced by the test 
specimen. The second method was to apply an experimental measurement of the stress 
distribution as an initial stress state. This initial stress state will only produce an accurate 
stress distribution along the path of interest. If the body is subjected to external loading this 
could affect the interaction with the stress field and hence render the results invalid. A 
simulation of the physical process might provide more information on the bulk stresses and 
thus produce an improved indication of the interaction of external and residual stress. 
However, the simulation of the residual stress poses its own problems. For example the 
plasticity model used to define the work hardening behaviour of the material is important.
Once the residual stress field has been defined it can be necessary to introduce a fatigue crack 
into the model to simulate the experimental test method. This can pose a number of problems. 
Most techniques used prior to this project have used the removal of the boundary conditions 
on a series of nodes. This method introduces an artificially sharp crack tip and hence a greater 
stress concentration than is actually present.
The main purpose of a simulation is to produce an estimation o f the crack tip driving forces 
induced by a residual stress field. This can be completed through the application of a post­
processor to calculate the elastic plastic parameter J through a domain integral. Two codes 
which have been reviewed are the in-built analysis tool in the finite element software 
ABAQUS and an external code developed by Beardsmore called JEDI.
2.8 Influence of Residual Stresses on Fracture Behaviour
The following research has been conducted using the techniques described in section 2.6 and 
2.7. These research activities can be categorised into two main sections: one is interested in 
the beneficial influence of residual stresses and the second is interested in the detrimental 
influence of residual stresses. Each investigation uses similar techniques.
2.8.1 Fracture Behaviour
Beneficial residual stresses can be introduced into a component, one such effect is known as 
the warm pre-stressing effect (Reed and Knott 1993; Smith et ah 2003). Investigations into
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warm  pre-stressing use specimens that have been subjected to the load-unload cool fracture 
(LUCF) cycle. The cycle induces a plastic zone around the tip o f  an existing flaw, which 
upon unloading, will induce a compressive residual stress field. The research conducted by 
Reed and Knott (1993) focused on 4-point bend specimens m achined from  A533B weldments 
which had been stress relieved. It was shown that the application o f  the pre-stress 
significantly increased the apparent fracture toughness o f the m aterial, by 42%. To assess the 
significance o f  the residual stress field on the variation in apparent fracture toughness, a 
series o f  blunt notch specimens was created. A second group o f  specim ens was subjected to a 
compressive pre-strain. The results o f  the pre strain are shown in Figure 2.29.
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Figure 2.29 -  Effect of pre-straining on the nominal fracture stress variation with temperature (Reed and
Knott 1993).
The blunt notch specimens, showed a marked increase in toughness, which suggests that the 
presence o f  a residual stress is playing a dominant role over crack-blunting processes. The 
specim ens subjected to a compressive pre-stress showed a significant drop in apparent 
fracture toughness. The compressive pre-stress produced a 50% reduction in toughness. This 
was more detrimental than the benefit gained by a tensile pre-stress o f  the same m agnitude 
that showed an increase o f 38%.
Further research was conducted into the influence o f the warm pre-stressing effect by Smith 
(1990). The LUCF was used with additional specimens subjected to m ultiple warm  pre-
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stressing cycles know as an R-LUCF cycle. Stress raisers were created using Electrical 
discharge machining (EDM) instead of the standard method of subjecting the specimen to 
fatigue. The resulting EDM cut notch, has a root radius of 0.15 mm, this is substantially 
greater than a fatigue crack tip. This technique allows the researcher greater control over the 
length and geometry of the stress raiser.
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Figure 2.30 -  Influence of a single LUF cycle on the apparent fracture toughness of A533B for 50 mm
thick SEN(B) specimens (Smith et al. 2003).
The limit load for the pre-stressing was set to as 0.2 mm displacement from the beginning of 
non- linear response. This method provided a consistent residual stress in each specimen. The 
corresponding fracture results for 25 mm thick A533B CT specimens showed that the warm 
pre-stressing increased the apparent fracture toughness by approximately 53 % at -170 °C and 
16 % at -100 °C (Figure 2.30). This shows that the influence of the compressive residual 
stress is greater when the material is in a plane strain condition. At higher temperatures the 
additional plasticity which occurs prior to failure will act to mechanically relieve the residual 
stress. The specimens subjected to multiple initial loading cycles showed no additional 
improvement in the apparent fracture toughness.
It was also shown in this research that the use of a stress raiser created using EDM produced 
a lower level of scatter when compared to similar specimens subjected to fatigue. However
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the fracture toughness values were consistently higher than the specim ens prepared using 
standard methods.
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Figure 2.31 -  A Comparison of the residual stress distribution induced when a isotropic or kinematic
plasticity model is used (Smith et al. 2004).
Smith and Hadidi-m oud (2004) created numerical models to predict the beneficial influence 
o f the warm  pre-stressing effect. These m odels involved investigating the result o f  using an 
isotropic or kinematic plasticity model on the predicted residual stress distribution. It was 
shown that each model produced a significantly different stress distribution. The validation 
was achieved by comparing the numerical predictions to neutron diffraction data which did 
not adequately match either model and thus suggests a more detailed analysis is required 
because o f  the steep stress gradients observed. Using a displacem ent superposition model 
combined with a failure probability model, the influence o f these residual stresses was 
predicted at each test temperature.
The resulting predictions o f the tests conducted at -170 °C were shown to be conservative 
when com pared to the experimental data, approximately 12 %, whilst the models predicted 
no beneficial influence at -100 °C which was not consistent with experimental results.
A series o f  experiments were conducted into the residual stresses induced by welding 
(Sharpies et al. 1995; Xu 1997) and through mechanical overloading (Lewis et al. 2007;
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Mirazee-Sisan et al. 2007) to investigate the detrimental influence of a residual stress. The 
welding residual stress specimens were extracted from a previously welded body. The act of 
removing specimens from a residual stressed body could lead to stress relief and hence inhibit 
validation o f the residual stress distributions predicted by numerical models.
In the research conducted by Sharpies (1995) a welded plate was cut into two equal parts. 
One section was retained in the as-welded condition and hence contained residual stresses 
whilst the other section was subjected to a series of post-weld heat treatments. A set of four- 
point bend fracture toughness specimens was taken from each section of the welded block. 
Tests to determine the influence of additional plasticity prior to the final fracture tests were 
conducted at -120 °C and -30 °C. The results showed that specimens subjected to the post­
weld heat treatment fractured at a load approximately 1.7 times that of the as-welded 
specimens, when tested at -120 °C. Whereas the residual stressed specimens tested at -30 °C 
experienced approximately 4 mm of ductile tearing and the difference between final fracture 
loads of the as-welded and the post-weld heat treated specimens was only 6  %.
The research conducted by Xu (1997) concentrated on the influence of weld residual stress on 
ductile tearing. It was concluded that relatively weak residual stress fields did not affect the 
initiation of ductile crack growth whilst a larger uniform residual stress field acted to increase 
the constraint experienced at the crack tip. The altered levels of constraint increased the 
possibility of ductile tearing. It was also shown that compressive and tensile residual stress 
could have a similar detrimental effect.
The compressive pre-load method can be applied to a specimen to investigate the detrimental 
influence of a tensile residual stress field. This process is similar to the technique utilised by 
Reed (1993). Mirzaee-Sisan (2007) applied this technique to single-edge notch specimens 
using a compressive load of 73 kN. Following on from the pre-load a stress raiser was 
machined into the specimen using EDM. The average fracture toughness values for the 
specimen subjected to a compressive pre-load were approximately half o f the as-received 
results. The scatter that was observed in the results was larger than 79 MPa m0"5, which is 
more consistent with transition region behaviour rather than the lower shelf behaviour the 
author suggests. If this observation is accurate the results would not represent true brittle 
failure. This suggests potential stable ductile crack growth had occurred before unstable 
fracture which would bias any safety assessment produced.
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In the research conducted by Mirzaee-Sisan (2007) and expanded by Lewis (2007) the 
accuracy of the numerical models has been investigated. An ABAQUS model of the SENB 
test pieces was created. Specific attention was paid to the calculation of the crack tip driving 
forces by a post-processor. In these simulations the model was subjected to the same 
processes as the experimental specimens. The crack tip driving forces were then calculated at 
the end of the simulation. It was shown that a 2D plane strain simulation produced 
approximately 18 % lower crack tip driving forces compared to a 3D model o f the same 
problem. It was thought that the higher values obtained by the 3D model were caused by out- 
of-plane stresses and strains not accounted for by the 2D model and hence that the 3D model 
represents a better prediction.
The FE modelling conducted by Mirzaee-Sisan was used to predict the influence of a tensile 
residual stress field on the fracture behaviour of a ferritic steel. The accuracy of these 
predictions was assessed against fracture toughness tests. Initially a set of SENB specimens 
were fractured in the as received condition. The data extracted was subsequently fitted with a 
3 parameter Weibull distribution (Figure 2.32). It was assumed that the apparent fracture 
toughness of the specimen was a combination of the applied primary loading and crack 
driving forces induced by the tensile residual stress field. To produce a prediction of the 
Weibull distribution for the specimens containing a tensile residual stress field the predicted 
crack driving forces were subtracted from the as received values. When the experimental 
results were plotted against the newly formed curve it could be seen that the experimental 
results produced a steeper gradient. An explanation for this result is the results produced in 
the as received specimen showed signs of failure above the lower shelf. For example the 
fracture toughness results ranged from 38 MPa m0 '5 to 110 MPa m0 '5  which is far greater than 
would be expected for a of series lower shelf failures. A simple check of the fracture surface 
would reveal any inconsistencies with the brittle failure required.
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Figure 2.32 -The influence of in-plane compression (CUCF) on A533B (Mirazee-Sisan et aL 2007).
Lewis (2007) also carried out a study into the accuracy of the R6  assessment of the influence 
of the residual stresses on the fracture behaviour of a material. It was shown that the results 
produced by the assessments were too conservative. Lewis suggested the following reasons 
for the conservatisms, a) hardening models used in the numerical prediction of residual stress 
are not representative of the material in question, b) the mechanical pre-strain induced 
through the pre-load affected the population of cleavage initiation sites and therefore altered 
the fracture toughness of the material.
Mahmoudi (2007) investigated the application of local out-of-plane compression on the 
apparent fracture toughness of ferritic steel. Either a single or a double compression tool was 
used to induce plastic deformation in the surfaces perpendicular to the crack growth plane to 
induce the residual stress. It was found that the positioning of these compression tools could 
change the sign of the residual stress field induced at the crack tip. If the tool was placed 
ahead of the crack tip a tensile field was created and vice versa when the tool was placed 
behind it.
The results for tests carried out on a series of aluminium alloys showed that, if  a tensile 
residual stress field was produced, the apparent toughness of the material was reduced by
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approximately half. Using the results the following statement was made on the influence of a 
residual stress field acting on a crack in a purely elastic material.
Kres+ K opp= K r > K M [2.63]
It was assumed that fracture would occur when the combination of the applied stress intensity 
factor (Kapp) and the residual stress stress intensity factor (Kres) is greater or equal to the 
materials toughness {Kmai).
2.8.2 Measuring Residual Stress Field
In section 2.6 a series a techniques were detailed in which a residual stress field within a 
component could be quantified. In this section a short summary of previous attempts will be 
detailed.
Through research conducted by Turski the influence of a tensile residual stress field on reheat 
cracking in Type 316H austenitic stainless-steel (Turski 2004) was investigated. Synchrotron 
X-ray diffraction was used to estimate the residual stress distribution within the test 
specimen. Measurements were taken at the ESRF on beamline ID 15 where an energy range 
of 100 -  300 keV is achievable. This allows significant penetration into the material. Due to 
the grain size of an austenitic stainless-steel the gauge volume was set at 0.4 mm x 0.4 mm 
incident beam with a 0.1 mm receiving slit. The results were used to validate the numerical 
predictions of the residual stresses produced by the preparation procedure.
It can be seen from Figure 2.33 that the results that were produced by this technique contain a 
significant degree of scatter although the general trend of the profile matches that o f the 
numerical predictions. There is a 1 -  2 mm variation in the position of the peak residual stress 
between the X-ray and numerical results. The scatter and other variations are thought to be 
caused by the large grain size and hence inducing excessive volume averaging at each 
measurement point. A significant level of scatter has also been observed in similar 
experiments (Martinez-Perez et a l 2004) using Synchrotron X-ray diffraction to estimate the 
residual strain distribution within austenitic stainless steel 304L. In each case it is the 
experimental technique that is criticised and that the numerical models that being validated 
are described as a more realistic assessment.
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Figure 2.33 -  Comparison of the predicted residual stress distribution following creep crack growth by 
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Figure 2.34 -  Comparison of the weld induced residual stress distribution as predicted by neutron 
diffraction and the contour method (Elcoate et al. 2005)
Elcoate et al conducted work into determining the residual stress distribution induced through 
the welding process using the contour method (Elcoate et al. 2005). The residual stress field 
produced by a m ulti-pass repair weld procedure was investigated. An EDM cut was made 
through transverse to the weld. The resolution o f  the results, see Figure 2.34, is sufficient to 
detect stress gradients within the material. A lthough from these observations it is thought that
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it would be harder to detect a significantly steeper gradient. This implies that this technique is 
only suitable for large scale specimens with shallow stress gradients.
The previous experim ents to visualise the residual stress field listed above have all been 
m anufactured from  austenitic steel. Due to the relatively large grain size o f  this m aterial the 
results achieved have exhibited a significant degree o f  scatter. It is hoped that the ferritic 
material to be used within this project may produce a lower level o f scatter. This will hence 
provide a greater level o f  understanding o f  the residual stress distribution and potential 
confidence in any finite elem ent model.
2.9 Concluding Remarks
This review has investigated the factors which induce and influence a residual stress field. It 
will be used to provide guidance on the m ethods that could be used to evaluate the influence 
on the fracture behaviour o f ferritic steel. It is clear from this review that to enhance the 
current understanding experimental and numerical approaches must be considered.
It has been shown that the application o f an external load (in-plane compression / tension) to 
induce localised plasticity has provided a robust and successful technique. Therefore to allow 
comparison with previous and future research o f  varying material grades this technique is 
considered preferential.
The numerical approaches detailed within Section 2.7 allow the visualisation o f  the residual 
stress field. This provides an important tool to aid the understanding o f  the interaction 
between the residual stress and the applied loading. The most versatile m ethod was shown to 
be a numerical m odel which simulates the experimental technique and hence the physical 
process. A note o f  caution was highlighted w ithin this review when considering the 
calculation o f  crack tip driving forces when residual stress field. It was noted that the 
presence o f  a residual stress field can lead to path dependence o f the J Integral. However, 
previous research has expanded the capability o f  conventional computational m odels to 
calculate J-Integral within a numerical model to maintain path independence. Therefore, to 
ensure that an accurate prediction o f the crack tip driving forces is produced the post 
processor JEDI should be used.
Page 68
Fracture Behaviour of Ferritic Steel under the Action of Combined Mechanical and Residual Stress Loading
3 Experimental
3.1 Introduction
A series of fracture toughness tests was conducted to deduce the influence of the residual 
stress on the fracture behaviour of ferritic steels through comparison with apparent toughness 
values. Alongside these fracture toughness tests a series of techniques was employed to 
visualise the distribution of the residual stress field within the specimen and hence draw 
conclusions on the influence the residual stress has on the fracture behaviour of the material.
These techniques include synchrotron X-ray diffraction and numerical simulation (finite 
element analysis). Numerical simulation has been used to produce a prediction of the 
behaviour of the residual stress field in a fracture toughness test specimen. Tests have been 
conducted to characterise the behaviour of the material whilst undergoing plastic 
deformation. These have included tensile tests as well as single- and multi-cycle tests to 
characterise the behaviour of the material. Synchrotron X-ray diffraction has been used to 
measure the residual elastic strains which give rise to the residual stress field. The results 
from this experiment have been used to validate the numerical models.
3.2 Material
Before any experimental work can begin, the material under examination requires 
characterisation. The specific material under examination is SA-508 ferritic steel which is 
described by the ASME Boiler and Pressure Vessel Code Section III (ASME 2004) as a 
material that is suitable for Reactor Pressure Vessel (RPV) construction. This is due to its 
high strength and reasonable toughness. A chemical composition, provided by Rolls-Royce 
Naval Marine is presented in Table 3.1.
Table 3.1 Chemical composition of the steels under investigation
Alloy C Si S P Ni Cr Mo Fe
% 0.16 0.26 < 0 . 0 1 0 . 0 1 0.73 0.14 0.55 balance
Three sections of this material were generously donated by Rolls-Royce Naval Marine. These 
sections were cut from a forged end ring that was intended for use as a PWR pressuriser.
Page 69
Fracture Behaviour of Ferritic Steel under the Action of Combined Mechanical and Residual Stress Loading
3.2.1 Material Orientation
The forging process o f  the ring could introduce texture and therefore different m echanical 
characteristics in different orientations. Before the specim ens were prepared from the three 
sections o f forging m aterial, a study into the orientation o f  the material was conducted. These 
orientations are com m only called Longitudinal (L), Circumferential (C) and Radial (R) and 
are illustrated in Figure 3.1.
Ring Forging
O ff cut
Section
Samples
Figure 3.1 Procedure for sectioning the forging material
To determine any variation between the different orientations a study o f the m aterial grain 
structure and hardness m easurem ents in each orientation o f the material were made. An 
explanation o f each procedure and its purpose follows.
3.2.2 Study of the Grain Structure
To investigate the grain structure o f the material, three cubes were cut from each section o f  
the ring forging m aterial, as shown in Figure 3.1, and mounted such that the top surface 
represented a different orientation o f  the material.
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Table 3.2 - Grinding and polishing procedure for the study of grain size
Pad Grade Force(N) Period
SiC 220 30 Until flat
Plus 9 35 10 min
Plan 3 35 10min
Nap 1 25 3 min
Each cube was then ground and polished, on a Struers Rotopole, to a m irror finish using the 
procedure listed in Table 3.2. Once the polished surface had been achieved, a solution o f  2% 
Nital was used to etch the surface and revealed the grain structure.
3.2.3 Hardness Evaluation
The hardness o f a m aterial is related to its yield stress. Therefore if  a material possesses 
different mechanical properties between orientations it will appear as variations in the 
hardness values. To m easure the hardness o f a material a diam ond shaped indent is m ade with 
a predeterm ined load. The distance between diagonals o f  the resulting indent is m easured and 
used to calculate the Vickers hardness o f the material (HV).
Indenter
Optical 
M icroscope
Sample
Figure 3.2 - Optical hardness mapping equipment
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d
Figure 3.3 - Diamond shaped indent used to measure hardness
A Buehler micro-hardness testing machine, as shown in Figure 3.2, was used to conduct this 
series of tests. Ten indents were made in each specimen with an average hardness calculated 
in each orientation. Once the indents had been made a digital camera was focused on the 
diamond impression, see Figure 3.3. Image analysis software then measures the distance of 
the diagonals by means of the difference in the contrast between the indent and surface 
material. The Vickers hardness value of the indent is calculated from the measured distance 
by using Equation [3.1]
HV = 1 P ™-  [3.1]
Where HV = Hardness value
P  = Load applied, Newtons
6 = Angle between opposite faces of diamond, degrees 
6/=  Average length o f diagonals, mm
3.3 Fracture Toughness Tests
To investigate the influence of a tensile residual stress on the fracture behaviour of the ferritic 
steel, fracture toughness tests were conducted using a lOOkN Denison Mayes hydraulic test 
frame. These tests used specimens manufactured from the ring forging material. Details of 
the specimen design and procedure used are detailed below.
3.3.1 Specimen Design
BS 7448-1:1991 (BS7448 1991) was consulted when determining the experimental procedure 
and the choice of specimen for fracture toughness tests. It was decided that a stepped notched 
compact tension specimen with a rounded notch would be the most suitable choice for this
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type of experiment (Figure 3.4) as it can provide information on linear and non-linear elastic 
deformation (J integral). Since the forging material has relatively high strength the rounded 
notch would provide the largest plastic zone from the applied loading. Upon unloading a 
large tensile residual stress would be induced and hence allow a fatigue crack to be grown 
through cyclic compressive loading see Figure 3.4.
Figure 3.4 Illustration of a stepped notch compact tension specimen (Cotton 1997) used in the fracture
toughness tests. (Dimensions in mm)
3.3.2 Preloading
Three different conditions were tested to reveal the true influence of a tensile residual stress 
field. These were:
• Specimens that contained a tensile residual stress field and denoted (FTPL)
• Specimens that have been subjected to a pre-loading process to induce a tensile 
residual stress. These specimens are then heat-treated, at 600 °C for 30 minuets and 
furnace cooled, to relieve the stresses allowing an investigation into the plasticity 
induced during the pre-loading process. (FTPLAN)
• Specimens which are tested in the as-received condition to reveal the background 
fracture toughness value. (FTAR)
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Resulting 
plastic • 
deformation
Applied compressive 
loading
Figure 3.5 Illustration of compressive pre-loading and the resulting plastic deformation caused.
To induce a tensile residual stress field a procedure proposed by Cotton (Cotton 1997) and 
later developed at Manchester University (Sherry et ah 2002) was used. In this procedure the 
specimen is subjected to an in-plane compressive load to induce localised plastic deformation 
at the notch tip (Figure 3.5).
The specimens were subjected to a 90 kN compressive preload by the load frame. Figure 3.6 
shows the specimen in the apparatus. All preloads were applied at an ambient temperature 
using load control at a loading rate of 250 N/s and unloading rate of 1000 N/s.
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CT Specimen
Clip Gauge
Figure 3.6 Denison Mayes Hydraulic Test Machine with close up of CT Specimen in apparatus.
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3.3.3 Fatigue Pre-cracking
To achieve the sharpest possible flaw in the specimen a fatigue crack was grown from the 
notch tip of the CT specimen. To avoid local notch tip effects and achieve maximum 
constraint the crack must be grown to a distance such that ao/W is in the range 0.45 to 0.55. 
Where ao is the distance from the load line to the crack tip and W is the distance from the load 
line to the base of the specimen.
For these CT specimens, a mean fatigue crack length of between 2.5 - 7.5 mm is required. 
Due to the interest in the effects of residual stress on fracture toughness, the fatigue crack 
length was kept short to ensure that the crack tip was positioned in a significant tensile 
residual stress field.
o
Applied
Resultant
0
Time
Figure 3.7 Illustration of the interaction between the applied loading and the tensile residual stress field
present after the pre-loading process.
The fatigue crack in the specimens subjected to a preload was grown through a cyclic 
compressive load which varied from -35 kN to -3.5 kN with a sinusoidal waveform of 25 Hz. 
To control the initiation point of the fatigue crack a thin slit, 0.8 mm long and 0.3 mm wide, 
was introduced at the tip of the notch through electrical discharge machining (EDM). The 
applied loading interacted with the residual stress field to produce a cyclic tensile stress field. 
This induced fatigue in the specimen. An example of the cyclic tensile stress field can be seen
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in Figure 3.7. Again this process was completed using the Denison Mayes hydraulic testing 
machine using the same tooling as for the preload stage.
A compliance method was used to induce fatigue crack growth in the as-received specimens. 
In accordance with BS 7448-1 the R ratio, where R = Omin/Gmax, was kept to R = 0.1. To 
measure the crack growth rate the fatigue cycling was stopped at regular intervals. The 
surface crack length was measured with microscopy.
3.3.4 Fracture Testing
The final stage of this experiment was to load each fracture specimen in tension until failure 
occurred. To artificially create a condition where failure occurs in a brittle manner, the 
specimen is cooled to -155 ± 2°C since SA 508 is known to be to brittle at this temperature 
(Hadidi-Moud et a l 2004) (Smith and Garwood 1989; Reed and Knott 1993).
The apparatus for the low temperature test is shown in Figure 3.8. An insulated aluminium 
box, was fitted around the load train used to fracture the specimens. Liquid nitrogen was then 
poured into the box to cool the specimen to the required temperature. A thermocouple was 
attached to the side of the specimen to measure temperature. A low temperature clip gauge 
was attached to knife-edges machined into the specimen along the load line. This permits 
measurement of the crack mouth opening displacement during loading.
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Clip gaug
CT Specimen
Figure 3.8 A view of the CT specimen inside the aluminium cool box used to cool the specimens to the 
cryogenic temperatures required for brittle fracture.
Each specimen was held at the test tem perature for approximately 10 minutes before loading 
commenced. The specimen was fractured using the Denison M ayes load frame in stroke 
control with a stroke rate o f 0.5 mm/min.
Equation [3.2] was used to calculate the fracture toughness o f the specimen.
W here the provisional fracture toughness ( K q )  is calculated from the maximum load at 
failure (Eg), specimen thickness (5), Crack length {ao), effective w idth (JV) and a compliance 
function (/f<VPF))obtained from BS 7448.
To determine the validity o f the result the following check must be made:
[3.2]
[3.3]
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3.3.5 Characterisation of Scatter within Test Results
A series o f six pre-cracked Charpy specimens were manufactured to characterise the inherent 
scatter in the fracture toughness of the as-received material. The specimen design, shown in 
Figure 3.9, consists of 10 mm x 10 mm cross-section with a length of 55 mm with a 2 mm 
notch cut into each specimen at mid span.
03;
—
o il
o
55 10.
A ll. Oi in mm
Figure 3.9 - Illustration of the Charpy-sized specimen used to obtain information on the inherent scatter
of SA 508
In each specimen a fatigue crack was grown such that a/W  was between 0.45 and 0.55 and 
the specimen was subsequently cooled to -155 ± 2 °C and fractured. The fatigue and fracture 
procedure was completed using a 3-point bend apparatus with a span of 40 mm.
To calculate the corresponding fracture toughness of the specimen the following equation 
(BS7448 1991) is used. Where S is the span between the points of contact.
K o =
FgS
BW-
f [3.4]
The results from this experiment were then used to produce a statistical approximation of the 
scatter expected from the CT tests. This is known as the master curve (E l921-05 2006). 
Details of this procedure are listed in Section 2.1.2.
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3.4 Tensile Testing
i-n
,
CD
•
q5 p
Figure 3.10 -  Illustration of the tensile specimen used to obtain the plasticity data for the numerical
models (dimensions in mm).
Tensile tests were conducted to determine the mechanical properties of the SA 508 material 
according to BS 10002:2001. A 5 mm square dog bone specimen with gauge length of 46 
mm, as shown in Figure 3.10, was used. A total of three specimens were tested all at ambient 
temperature. A Denison Mayes 100 kN hydraulic load frame was used to conduct the test 
using a displacement rate of 0.5 mm/min. A set of collets was used to apply the load to the 
shoulders of the specimen. The resulting extensions were measured using a Gauge Factors 
extensometer attached parallel to the gauge length.
Load versus extension data was converted to engineering stress versus engineering strain. To 
account for the change in cross-sectional area during the plastic deformation of the specimen 
the true stress (ew ) and true strain (e/n/e) were calculated as follows. Where F is the applied 
force, Ao is the original cross-sectional area and £nom is the engineering strain.
^ tr u e  -  — ( l  +  £ no m )
A)
[3.5]
£„w = ln(l+ £„„„) [3.6]
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3.5 Single- and Multi-Cycle testing
Specimen Extensom eter
Figure 3.11 -  Picture of the apparatus used to conduct the single- and multi-cycle tests to characterise the
kinematic behaviour of the material.
A detailed knowledge o f behaviour under cyclic loading is required to enable the accurate 
m odelling o f  the material behaviour under applied loading (and hence the residual stress 
distribution in the fracture specimen predicted from FEA). This can be achieved through 
cyclic testing o f  specially designed specimens. A specimen design, that conform s to BS 7270 
(BS7270:1990 1990) can be used in application o f compressive and tensile loading, Figure 
3.12.
J
T
Figure 3.12 -  Illustration of the specimen design used to obtain the kinematic behaviour of SA 508
(dimensions in mm).
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The first phase of this experiment was the application of a specified compressive strain 
followed by tensile loading to failure. This was intended to provide important information on 
the reverse yield behaviour of the material and hence the influence of the pre-load on the 
peak residual stress.
Three specimens were initially subjected to a compressive load which induced a compressive 
strain of approximately 6.5 %, 4.5 % and 2.5 %. All compressive and tensile loads were 
applied at a displacement rate of 0.5 mm/min and at ambient temperature. An Alliance 
RT/100 load frame, coupled with an MTS extensometer with a gauge length of 10 mm, was 
used to conduct each test and measure the resulting strain.
The second stage of this experiment is the application of specified plastic strain in multiple 
compressive and tensile cycles. This test was intended to provide information on the 
kinematic behaviour of the material. A single specimen was subjected to three compression- 
tension cycles with a peak plastic strain of 4.8 %. Each cycle was again applied with a 
displacement rate of 0.5 mm/min.
3.6 Synchrotron X-ray Diffraction
Two experiments were conducted using the high energy X-ray diffraction apparatus at the 
European synchrotron radiation facility (ESRF) in Grenoble, France. Two fracture specimens 
were taken to this facility. One specimen had been subjected to an in-plane compressive pre­
load of 90 kN (ESRF 2). The second specimen had been subjected to the compressive pre­
load as before but also cycled in compression to induce fatigue crack growth (ESRF 1).
The results from the analysis of these two specimens will provide information on the 
distribution of residual elastic strains and hence provide a validation tool for the numerical 
modelling results.
3.6.1 Apparatus
The experiment was conducted on beam line ID15A which is capable of producing white 
beam high energy X rays (<300 keV). The apparatus consisted of a lead-lined hutch in which 
the beam is targeted on the specimen set upon a stage controlled by two stepper motors. A 
transmission geometry was used with an energy dispersive detector. The hutch contained a
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port through which the synchrotron X-ray beam passed towards the CT specimen target, 
Figure 3.13. In passing through the target the beam is diffracted towards two detectors.
Solid State 
Germanium 
Detectors
Incident beam
Diffracted beam
CAN:':"
Figure 3.13 -  Apparatus used at the ESRF to obtain the residual elastic strain distribution within the
specimen
Two slits were used to control the beam width: incident slits located at the hutch point and 
receiving slits just before the detectors. The beam size was set at 0.15 mm x 0.15 mm. The 
target specimen was set on a 2 -axis stage driven by stepper motors such that the position of 
the stage could be controlled to within 1  pm.
Two, liquid nitrogen cooled, solid state Germanium detectors were set at positions such that 
information could be recorded on the strain in the loading and vertical directions. Each 
detector was set such that the diffraction angle was fixed at 7.5 °. This angle was chosen to 
allow the diffraction peaks from the 311 reflection plane to be recorded. Each detector was 
calibrated with a radioactive source of known spectral emission prior to testing. Due to the 
low scattering angle the gauge volume within the material was elongated and the dimensions 
(mm) are shown in Figure 3.14.
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L T i
Figure 3.14 - Illustration of the gauge volume used during the synchrotron X-ray diffraction experiment,
all dimensions in mm.
The measurement time at each point was 1 min which provided enough data to be collected to 
produce a representation of the diffraction pattern. The recorded peaks were analysed using 
the GSAS (Larson and Von-Dreele 2004) software that used the fixed diffraction angle and 
wavelength of the recorded X-rays to estimate the lattice spacing through a peak fitting 
process.
3.6.2 Areas of Interest
In specimen ESRF 2 which had been subjected to a compressive pre-load, a line scan was 
conducted, with a spacing of 0.5 mm, in each specimen from the notch tip down to the base, 
as shown in Figure 3.15. For specimen ESRF 1 the measurement spacing was altered to 
ensure that the peak stress at the crack tip was recorded with sufficient resolution. The 
spacing used is listed in Table 3.3.
Table 3.3 - List of the measurement resolution depending on distance from the notch tip in specimen
ESRF 1
Distance from Notch (mm) Measurement Spacing (mm)
0 -2 .5 0.25
2 .5 -5 .5 0.125
5 .5 -7 .5 0.25
7 .5-12 .5 0.5
12.5 - 30 1
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The area surrounding the notch tip was also mapped in each specimen, as shown in Figure 
3.15. The resolution of these maps was 0.5 mm by 0.5 mm which was sufficient to identify 
the distribution of the residual stress field.
All
measurements 
taken at mid­
thickness
Line scan
Mapped
area Direction of 
synchrotron 
beam
Example of the 
gauge volume 
orientation
Figure 3.15 -  Illustration of the line scan and mapped region that was measured during the synchrotron
X-ray diffraction experiment
Due to the elongation of the gauge volume all measurements that were recorded were 
positioned at the mid-thickness point in the specimen. It was assumed that the stress state at 
this point would be approaching plane strain and therefore the strains in the unmeasured 
direction would be negligible.
3.7 Numerical Simulation of the Residual Stress Field
The numerical simulation of the pre-loading and the fatigue crack growth process provided a 
prediction of the residual stresses that are present prior to the fracture process. The analysis 
was carried out using the commercial finite element analysis software ABAQUS v 6 .6 . The 
modelling procedure falls into three steps, a) the simulation of the introduction of the residual 
stress field, b) simulation of a fatigue crack and redistribution of the residual stress field and 
finally c) the estimation of the crack tip driving forces induced by the residual stress field.
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3.7.1 Model Geometry and Boundary Conditions
Analytically 
rigid pin
M esh structure at 
crack tip
Reflectional planes 
o f symmetry
Figure 3.16 - Finite element model of the stepped notch compact tension specimen.
ABAQUS Standard was used to create the model. To enable the examination o f  the through­
thickness residual stress distribution a 3D model was created. A quarter section o f  the sample 
was used. This made use o f symmetry to reduce the computation. Symmetry boundary 
conditions were applied to the faces which represent the z and x symmetry planes o f the 
compact tension (CT) specimen. Each model was constructed o f approxim ately 50,000 
elements and a PC with a 2.4 GHz dual core processor with 2 Gb o f  RAM  was used to 
conduct each simulation. A condensed version o f  the various input files used is presented in 
Appendix A.
An analytical rigid body was used to represent the loading pin, as shown in Figure 3.16. This 
was justified because the deformation o f  the hardened pin is minimal when com pared to the 
deformation o f the CT specimen. Aligning the pin to the centre o f the loading hole ensured 
that the loading would be symmetric.
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The mesh for the CT specimen was constructed of C3D8R elements which are 8  node brick 
elements, with reduced integration to minimise the computational time.
The loading was applied in displacement control through the reference point of the 
analytically rigid pin. The pin applied the force through a scallop located on the side of the 
specimen.
3.7.2 Simulation of the Preloading Process
As was stated in section 2.8 the material hardening behaviour can be generally classified as 
either isotropic or kinematic. The use of the correct hardening model will significantly 
influence the residual stress induced by the pre-loading process and thus warrants more 
detailed investigation. In this project the two in-built plasticity models available in ABAQUS 
Standard were applied within the simulation. These models were a multi-linear isotropic 
model and the bi-linear kinematic model.
Application o f the pre-load
A displacement boundary condition was applied to the reference point of the analytically 
rigid pin in order to mimic the measured displacement from the experiment.
Application o f plasticity model
Each model used the plasticity data obtained from the tensile tests detailed in section 3.4. The 
Young’s Modulus and Poisson’s ratio were set at 220 GPa and 0.3 respectively.
In the isotropic work hardening model of this material, a table of stress-strain points from the 
yield point up to the UTS was used to define the hardening curve. The model interpolates the 
plasticity behaviour in between these points and therefore more information is required to 
accurately model any non-linearity in the work hardening behaviour.
In comparison the bi-linear kinematic model requires only the stress-strain data for the yield 
point and the UTS and the work hardening behaviour is approximated by a straight line 
between these points.
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3.7.3 Simulation of Fatigue Crack Growth
Once the residual stress field has been introduced into the test specimen a fatigue crack is 
grown into the material to provide a worst case flaw. To predict the final residual stresses the 
growth o f the fatigue crack must be simulated.
In this project the simulation o f fatigue crack growth involved the partitioning o f  the face 
representing the x symm etry plane. Through partitioning this face it was possible to release 
the symmetry boundary condition in stages and hence mimic crack growth rates. Each stage 
o f  crack advance was completed in a separate analysis step thus allowing the residual stress 
to redistribute before the next stage o f crack growth.
Notch
Fatigue 
Crack Tip
Figure 3.17 - Crack growth model investigated (a) 1 step instantaneous, (b) 3 step progressive
Four crack growth-models were investigated with the first method introducing the crack 
instantaneously in one analysis step. In the second, third and fourth models the crack was 
introduced progressively in fixed increments o f  3 (1.2 mm), 10 (0.36 mm) and 18 (0.2 mm) 
steps respectively, see Figure 3.18 for an example o f  a 3 step growth model.
Z Symmetry
Straight 
Crack Tip
Figure 3.18 -  Partitions applied to the X-symmetry plane for the crack growth stages for the 3-step
progressive crack growth model
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Along with the various methods o f simulating crack advance, two different shapes o f  crack 
tip were simulated. These are the straight crack tip which is parallel with the notch tip and the 
real crack tip whose shape was taken from experimental specimens after fracture had 
occurred.
Z Symmetry 
Plane
Real Crack Tip
Figure 3.19 -  Partitions applied to the X-symmetry plane for the crack growth stages using an
experimentally derived crack shape.
A crack growth scheme was created using the m easured crack shapes as shown in Figure 3.19 
to produce a realistic crack growth model. A second model was completed using parallel 
crack fronts with an average crack length for each stage o f  crack growth. The final stage o f 
crack growth utilised the real crack shape. The use o f  parallel crack fronts sim plified the 
meshing and reduced the computational complexity o f  the problem.
3.7.4 Estimation of Crack Driving Forces
The ABAQUS post processor JEDI, has been used to estimate the crack tip driving forces 
induced by the residual stress. This code was chosen due to the incorporation o f  all initial 
strains within the dom ain integral as discussed in section 2.8.
The JEDI code was developed using Fortran 90 by Serco Assurance and uses inform ation 
generated during the sim ulation to produce an estimation o f  J. To obtain this inform ation the 
ABAQUS input file is amended such that the total and elastic strains, nodal connectivity and 
position are recorded for all nodes within the simulation and written to the jobnam e.fil file for 
subsequent analysis.
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Crack
Example o f the 
domains created 
during the JEDI 
analysis
Figure 3.20 -  Representation of the X plane of symmetry illustrating the domains created around the
crack tip during the JEDI analysis
A JEDI input file was created that provided information on the structure o f  the simulation, 
(i.e. i f  a symmetry plane and/or non-proportional loading was used), and the requested 
output. In the input file the num ber o f  domains was also requested. It was advisable to obtain 
an estimation o f  J from numerous domains due to m esh sensitivity. Once the crack tip node 
has been defined, the JEDI code automatically develops the domains as expanding concentric 
rings around the crack tip, as shown in Figure 3.20. Each dom ain must start and finish on the 
flanks o f the crack in order to produce a true estim ation o f  J. Due to geom etry o f  the CT 
specimen this presents a lim iting factor to the num ber o f  dom ains that can be formed.
Since the desired mode o f  failure was brittle these values o f  J were converted into values o f 
crack tip stress intensity, Kj,  by Equation [3.7]. W here J is the evaluated J integral, E is the 
Y oung’s M odulus and v is the Poisson’s Ratio. Presentation o f  the crack driving forces in this 
was is conventional in the study o f  brittle fracture.
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[3.7]
Three different element widths at the crack tip were investigated to determine the mesh 
sensitivity of the calculated crack tip driving force. These were 100, 6 6  and 30 micron 
respectively.
3.8 Probabilistic Assessment
A  probabilistic assessment of the fracture data was produced to visualise the predicted 
influence of the tensile residual stress field. The Weibull probability model developed by 
Wallin (1991) was used in this assessment and was completed in three steps.
First, the as-received and the preloaded fracture toughness results were plotted in terms of the 
probability of failure of each specimen. This process involved ordering each specimen with 
respect to the K q value (i.e. highest K q = \ and the lowest K q = 6 ) and determining the 
probability of failure using Equation [3.8].
Equation [2.34]. To obtain a best fit, various K mm values were applied including the K min 
value empirically derived by Wallin.
The final step is to obtain the K j  values predicted by the numerical models and subtract these 
values from the fitted curve. This acts to shift the curve to a lower value of K q. The resulting 
line gives an indication of the accuracy of the numerical models.
[3.8]
where i = Order number
N = number of specimens
The next step is to fit a three-parameter Weibull distribution to the as-received data. This was 
achieved using the probability of failure distribution developed by Wallin (1991) as shown in
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3.9 Summary
A variety of techniques have been applied to evaluate the influence of a residual stress field 
on the fracture behaviour of ferritic steel SA 508.
Fracture toughness specimens were subjected to an in-plane compressive pre-load of 90 kN 
to induce a tensile residual stress field at the notch tip of the specimen. These specimens were 
then fractured at approximately -  155 °C to promote brittle failure. Some specimens were 
subjected to the same pre-load but subsequently heat-treated to stress-relieve the residual 
stress field. Finally specimens were fractured in the as-received condition to allow a 
definitive prediction of the influence of the residual stress field on the baseline fracture 
toughness.
In parallel a numerical model was developed using the finite element analysis code ABAQUS 
v 6 .6 . A 3D model was created using C3D8R elements with symmetry boundary conditions 
located at the reflectional planes of symmetry o f the test specimen. The development of this 
model was divided into three main steps.
First, the generation of the residual stress was simulated with the use of material information 
obtained through tensile tests and single- and multi-cycle tests to determine the dominant 
plasticity model within the material. The next step was to simulate fatigue crack growth 
through the release of the symmetry boundary conditions. The final stage was to estimate the 
crack tip driving forces following fatigue crack growth using the ABAQUS post processor 
JEDI developed by Beardsmore.
Two synchrotron X-ray diffraction experiments were conducted to validate the developed 
numerical model. These specimens provided information on the residual elastic strain 
distribution before and after fatigue crack growth and hence provided two sets o f data for 
validation.
A probabilistic assessment of the fracture data was used to provide additional validation. The 
predicted peak crack tip driving forces induced by the presence of the tensile residual stress 
were subtracted from the fitted curve and the results were compared to the pre-loaded 
specimens.
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4 Results
This chapter will present the results obtained from the previously discussed techniques. It 
details the important points observed and introduces the issues to be discussed in the 
following chapter.
4.1 Material Orientation
4.1.1 Study of the Grain Structure
. ■ . #m m # M emrnmmMm
Figure 4.1-An optical micrograph of the grain structure observed in the longitudinal orientation of the
parent material SA 508.
The grain structure in each orientation (an example is shown in Figure 4.1), consisted o f  very 
fine upper bainite grains, approxim ately 5 - 1 0  pm, with a random  directional distribution. 
This suggests that there is no significant variation in its mechanical behaviour betw een the 
three orientations.
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Figure 4.2- A more detailed optical micrograph of the grain structure observed in the longitudinal
orientation of the parent material SA 508.
On closer inspection (Figure 4.2) it can be seen that this m aterial consists o f  a m ixture o f  
ferrite and cementite phases. The fine grained micro structure observed also suggested that 
this material will have a high hardness and will hence have high strength (Higgins 1993).
4.2 Hardness Evaluation
In addition to the study o f  the grain structure, Vickers hardness m easurem ents were made in 
each o f  the orientations. The results are listed in Table 4.1.
Table 4.1 - Vickers hardness values observed in the three orientations
Orientation Vickers Hardness (Hv 200) % Std Deviation No of Measurements
Longitudinal 224.8 ±2.08 10
Radial 234.5 ±2.12 10
Circumferential 229.5 ±0.04 10
Mean 229.6 ±1.41 30
Slight differences in hardness between the different orientations were noted. However, the 
m agnitude o f these variations are small and do not suggest any significant difference in 
m echanical properties between the three orientations.
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4.3 Fracture Toughness Tests
4.3.1 Compression In-Plane Pre-loading
o 
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Figure 4.3 -Graph showing the measured load line displacement against applied compressive force 
during the in-plane pre-load of 90 kN for all of the pre-loaded specimens.
To induce a tensile residual stress each CT specimen was subjected to an in-plane 
compressive pre-load o f 90 kN. Figure 4.3 shows the load line displacement for specimens 
which were to be pre-loaded (FTPL) and pre-loaded and stress relieved (FTPLAN). It can be 
seen that non-linear loading occurs, thus suggesting plastic deform ation in the specimen. 
Once the load was rem oved a perm anent displacement was observed, which provided further 
evidence o f  the plastic deform ation induced by the pre-load. To ensure a comparable amount 
o f  plastic deformation had occurred in each specimen subjected to the compressive pre-load, 
a record o f the permanent displacem ent was taken and is presented in Table 4.2. A sim ilar 
displacement was induced by the pre-loading into all nine specimens. It is therefore assum ed 
that the tensile residual stress induced is comparable in all o f  the fracture specimens.
FTPL1 
FTPL2 
FTPL3 
FTPLAN 1 
FTPLAN 2 
FTPLAN3
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Table 4.2 -  Permanent displacement induced in each specimen during the in-plane compressive pre-load
of 90 kN.
Specimen Permanent Displacement (mm)
FTPL 1 -0.105
FTPL 2 -0.070
FTPL 3 -0 . 1 0 1
FTPL 4 -0 . 1 0 2
FTPLAN 1 -0 . 1 0 0
FTPLAN 2 -0.070
FTPLAN 3 -0 . 1 0 1
ESRF 1 -0.104
ESRF2 -0.109
Mean -0.095
STD -0.0047
4.3.2 Fatigue Crack Propagation
During the preparation for the fracture toughness tests a fatigue crack was grown from the 
notch tip using a cyclic compressive force of -3.5 kN to -35 kN. The cyclic compressive force 
interacted with the tensile residual stress field to produce a cyclic tensile stress field at the 
notch tip. These cyclic tensile stresses induced fatigue and caused crack growth.
As can be seen from Figure 4.4, the crack growth rate appears to be decreasing as the fatigue 
cycling continued. This is contrary to observations of a specimen experiencing fatigue using 
only cyclic tensile forces from primary loading. Under these loading conditions the crack 
growth rate accelerates with an increased number of fatigue cycles.
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Figure 4.4 -  A plot of the measured crack length against the number of fatigue cycles for specimen
FTPL 2.
4.3.3 Fracture
When each of the specimens was fractured (under cryogenic conditions) a plot of force 
against load-line displacement was recorded. An example is shown in Figure 4.5. The linear 
response until failure of the specimen series FTPLAN and FTAR is a sign that the specimen 
failed in a purely elastic and hence brittle manner. The specimen FTPL 2 exhibited signs of 
pop-in behaviour. This phenomenon occurs when a brittle crack propagates into a material 
and arrests before final fracture has occurred. This can be caused either by increasing 
apparent toughness of the material or by a significant reduction in the crack driving forces. In 
the second instance, arrest can occur if the stress intensity drops below a threshold value, Kia. 
The magnitudes of load drop of the observed pop-ins (mean drop 8 %) are significant enough 
to be treated as the failure point o f the specimen according to BS 7448.
The key factor in the calculation of the fracture toughness is the force required to cause 
failure, which is otherwise known as F q. The recorded value of F q for each specimen is then 
used in Equation 3.3, taken from BS 7448-1, to obtain a provisional value of fracture 
toughness for the specimen in question. The results are listed in Table 4.3. An example graph
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o f  the m easured load-line displacem ent against the applied load for each specimen series can 
be seen in Figure 4.5.
30 -
25 -
z op -in  2
~o
8
Fracture 
Point (Fq)
10 -
  FTAR
  FTPLAN
FTPLPop -in  1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Measured Load Line Displacement / mm
Figure 4.5 -  A graph of the measured load-line displacement against applied load, up to the failure load, 
(Fq) measured during a fracture toughness test at -155 °C for specimens FTPL 2, FTPLAN 2, FTAR 1.
In order to examine the m agnitude o f  the crack growth caused by the pop-in within specimen 
ESRF1, the specimen was unloaded after a significant drop in load was observed. The 
specim en was then rem oved from the cool box and heat tinted in a furnace at 250°C for 30 
minutes. After heat tinting the specimen was returned to the cryogenic box, cooled to the 
same tem perature and re-loaded. This process was repeated after all suspected pop-ins had 
occurred.
Page 98
Fracture Behaviour of Ferritic Steel under the Action of Combined Mechanical and Residual Stress Loading
7.5 mm
Figure 4.6 -  An image of the fracture surface from specimen ESRF 1 illustrating (i) the fatigue crack 
surface, (ii) pop-in 1, (iii) pop-in 2, (iv) cleavage fracture surface.
As can be seen in Figure 4.6 the m agnitude o f  the initial pop-in (ii), approximately 3 mm, is a 
similar m agnitude to that o f the fatigue crack grown from the notch tip. The secondary pop-in 
(iii) does not extend as far into the material.
The results shown in Table 4.3 illustrate the influence o f tensile residual stress on the fracture 
behaviour o f  SA 508. Specimens that have a tensile residual stress around the tip o f the 
fatigue crack exhibit an apparent fracture toughness approxim ately 50% lower than that o f 
the as-received material. It can also be seen that the specimens subjected to the stress 
relieving heat treatment display an apparent fracture toughness marginally lower than that o f  
the as-received material. This suggests that some material degradation was present in the 
vicinity o f  the fatigue crack tip prior to testing.
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Table 4.3 - Provisional critical stress intensity factors (Kq) from the fracture toughness tests.
a (mm) F q (kN) K q 
(MPa m°5)
Failure 
Temperature (°C)
Ductile Crack 
Growth Aa (pm)
FTAR 1 3.71 38.5 61.5 -155 1 0
FTAR 2 4.83 24.8 46.5 -155 0
FTAR 3 4.78 29.7 50.6 -155 0
FTPLAN 1 4.07 24.8 40.5 -155 0
FTPLAN 2 3.37 29.5 43.3 -155 0
FTPLAN 3 3.67 45.3 72.3 -130 15
FTPL 1* 3.67 13.7 21.9 -155 0
FTPL 2* 3.19 16.0 24.8 -155 0
FTPL 3* 3.63 10.3 16.3 -155 0
FTPL 4* 3.51 13.4 2 1 . 1 -155 0
FTPL 4 
(pop-in)
6.27 19.9 37.1 -155 0
ESRF 1* 3.6 13.04 2 0 . 6 -155 0
ESRF 1 
(pop-in 1 )
6.9 15.79 31.0 -155 0
ESRF 1 
(pop-in 2 )
7.3 19.95 39.9 -155 0
ESRF 2* 4.06 10.44 16.9 -155 0
ESRF 2 
(pop-in 1 )
6.88 12.94 25.0 -155 0
ESRF 2 
(pop-in 2 )
7.47 18.03 36.6 -155 0
* Provisional toughness calculated using original crack length prior to the initial pop-in.
To characterise the inherent scatter of the material in the as-received condition a Master 
Curve was generated using a series of pre-cracked Charpy specimens. The results from the 
six Charpy tests were thickness corrected (Kqzs) such that the results in Table 4.3 could be 
compared. The original results and the subsequent thickness corrected results are presented in 
Table 4.4. The corresponding Master Curve is presented in Figure 4.7.
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Table 4.4 - Provisional critical stress intensity factors (Kq) from the Charpy fracture toughness test series
Specimen a
(mm)
Fq
(kN)
Kq 
(MPa m0  5)
Kq25 
(MPa m°5)
Test
Temperature
(°C)
Ductile Crack 
Growth Aa 
(pm)
1 4.95 4.58 57.52 45.5 -155 0
2 4.88 5.95 62.36 49.6 -155 0
3 4.94 5.64 59.11 47.0 -155 0
4 4.96 5.54 57.17 45.5 -155 0
5 4.97 5.95 61.40 48.8 -155 0
6 5.50 4.95 48.10 42.3 -155 0
Mean 5.03 5.44 57.61 46.5 -155 0
STD 0.086 0.207 4.65 2.4 n/a n/a
1 2 0
TO
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C h a r p y
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Figure 4.7 -  Examination of the scatter in the fracture toughness tests results through the generation of a
Master Curve.
Figure 4.7 shows the change in fracture toughness o f  SA 508 with increasing temperature as 
predicted by the M ater Curve approach. The acceptable scatter predicted by the M aster
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Curve, shown by the 5th and 95th percentile lines, suggested that the results observed within 
the fracture toughness tests were within acceptable limits. Therefore all results can be 
compared. The initial test conducted at -130°C was also found to lie close to the predicted 
mean fracture toughness. This indicated that the data were consistent with the Master Curve.
4.3.4 Fractography
The fracture surface of each specimen were examined using a Jeol JSM-5310 scanning 
electron microscope. If the specimen underwent ductile deformation prior to fracture the K 
value of the specimen would increase. Ductile damage would appear as voiding or tearing at 
the fatigue crack tip. If the provisional fracture toughness values shown in Table 4.3 are 
examined, two specimens can be identified as potential rogue points, namely FTAR 1 and 
FTPLAN 3. These specimens both had comparatively raised K q values, thus suggesting that a 
small amount of ductile tearing may have occurred prior to cleavage fracture.
Figure 4.8 and Figure 4.9 show that small regions of ductile tearing are observed in between 
the fatigue crack tip and the cleavage fracture surface. This will act to blunt the crack tip 
within this area and hence increase the resistance to unstable crack propagation within the 
specimen. This is not truly representative o f lower shelf behaviour and hence these results 
have been removed.
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Fatigue Crack Surface
y i i  Ductile Tearing
Crack Tip
Fracture Surface
Figure 4.8 -  SEM micrograph of FTAR1 showing a site of ductile tearing.
Figure 4.9 - SEM micrograph of FTAR1 showing a site of ductile tearing at higher magnification.
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In FTAR2 and Charpy specimen 3, only transgranular cleavage cracks were observed 
(Figures 4.10 and 4.11). There was no evidence o f  ductile tearing or voiding at the fatigue 
crack tip, which implies that the specimen failed in a purely brittle m anner and therefore on 
the lower shelf.
Fracture Surface
Fatigue Crack Surface
Figure 4.10 -  Fractography showing a transgranular brittle cleavage failure of specimen FTAR 2.
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Fracture Surface
Fatigue Crack Surface
Figure 4.11 - Fractograph of Charpy specimen 3.
4.4 Tensile Testing
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Figure 4.12 -  Graph of True stress against true strain recorded for a tensile test of SA 508.
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During the tensile tests a yield point o f  approxim ately 490 M Pa was observed with an 
Ultimate Tensile Strength (UTS) o f 755 MPa. The material was also shown to have a plastic 
strain o f  approxim ately 20% up to the UTS. A significant yield point phenom enon was also 
noted, which extended with a Liiders strain o f  approximately 2% although there was no 
appreciable yield drop within this region.
Table 4.5 -  Yield stress and UTS results from the tensile test series.
Specimen Gauge Area 
(mm2)
Yield Load 
(kN)
Yield Stress 
(MPa)
UTS
(MPa)
Strain at 
UTS
1 23.22 11.33 488.0 750 0 . 2 0
2 24.65 12.50 507.5 762 0.19
3 25.25 11.90 471.3 754 0 . 2 1
4.5 Single and Multi Cycle Testing
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Figure 4.13 -  Graph of true stress against true strain observed from tests to investigate the influence of 
initial compressive cycle on the reverse tensile yield stress.
Single- and m ulti-cycle tests were conducted to determine the plasticity behaviour (Figure 
4.13 and Table 4.6). Following an initial compressive strain, the reverse yield point is
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reduced from 517 MPa to 415 MPa after a pre-strain of -2.1%. This suggests that the material 
exhibits kinematic plasticity behaviour. As the initial compressive pre-strain increases, the 
comparative reverse yield point increases, this suggests some isotropic plasticity behaviour.
These results show that the material behaviour cannot be described by either an isotropic or a 
kinematic plasticity model and therefore a combined model should be used.
Table 4.6 -  Influence of an initial compressive pre-strain on the reverse tensile yield point
Compressive
Pre-strain
Plastic Strain Induced Compressive Yield Point 
(MPa)
Tensile Yield Stress 
(MPa)
2.5% 2.1% 517 415
4.5% 4.1 % 513 448
6.5% 5.5 % 507 459
The hysteresis loops produced during the multi-cycle tests, shown in Figure 4.14, were 
designed to provide information on the fatigue behaviour. The initial cycle exhibits a 
significant yield point phenomenon, approximately 120 MPa higher than in the following 
cycles. To accurately model behaviour during the pre-load and following fatigue, either two 
sets of plasticity data or a complex plasticity model will be required. Kinematic plasticity 
appears to be the dominant type of behaviour observed, with a shift in the compressive 
direction of approximately 0.05% strain per cycle and no appreciable expansion of the loop.
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Figure 4.14 -  Graph of true stress against true strain observed during a multi-cycle tests to investigate the
kinematic behaviour of SA 508.
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4.6 Synchrotron X-ray Diffraction
Two synchrotron X-ray diffraction experiments were conducted to measure the residual 
elastic strain within a CT specimen: a) post compressive pre-load and b) post fatigue crack 
growth. Figure 4.15 presents the observed residual elastic strain distribution in the form of a 
line scan from the notch tip to the base of the specimen. The peak strain is located close to the 
notch tip with a micro-strain of 2600. In the post fatigue crack growth specimen the peak 
residual stress has shifted to the tip of the crack. The magnitude of this peak has also dropped 
by 900 to 1700 micro-strain.
Due to the small grain size o f the SA 508 ferritic material it was possible to reduce the width 
of the X-ray beam to 0.15 mm x 0.15 mm which had not been previously achieved in this 
type of experiment. This allowed focused measurements of the strain to be made and hence 
reduce the scatter that had previously been recorded (Dieter 1988; Turski 2004). As can be 
seen from Figure 4.15 the spacing of each measurement, represented by the black circles, is 
sufficient to capture the peak residual elastic strain and the resulting strain distribution within 
the body. A similar result was obtained in the specimen that had been subjected to fatigue. 
Figure 4.15. The capture of the stress peak at the crack tip is an uncertainty but it can be seen 
that the strain fields match in the far field (> 1 0 mm) from the notch tip.
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Figure 4.15 -  Residual elastic micro-strain measured in the direction of crack growth from the notch tip 
at mid-thickness for a specimen which has been subjected to (a) compressive pre-load and (b) undergone
fatigue.
The residual strain distribution, shown in Figure 4.16(i), took the form of lobes on either side 
of the notch tip. This is consistent with the plastic zone shape induced by in-plane loading 
discussed in Section 2.1. A large compressive region was also observed 4 mm directly below 
the notch tip thus demonstrating how the stress equilibrates within the specimen. Fatigue 
crack growth caused, Figure 4.16(ii), the magnitude of tensile residual elastic strains to be 
significantly changed. This suggested that the fatigue crack growth process had a significant 
influence on the redistribution and relief of the stress field. The peak strains observed around 
the crack tip for the map, match those of the line scan, which suggests that the degree of 
volume averaging is minimal.
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Notch
2 mm
Figure 4.16 - Maps of the residual elastic microstrain distribution around the notch tip for a specimen 
which has been (i) subjected to a compressive pre-load of 90 kN and (ii) subjected to a compressive pre­
load of 90kN and followed by fatigue.
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4.7 Numerical Results
4.7.1 Residual Stress Induced in Compact Tension Specimen
A m ulti-linear isotropic and a bi-linear kinematic plasticity model was used to sim ulate the 
generation o f  the residual stress field around the notch tip
Isotropic
K i n e m a t i c
 ! 1 1 1 1---------------
0 5 10 15 20 25 30
Distance from Notch Tip / mm
Figure 4.17 -  A graph of the predicted maximum principal stress (MPa) against distance from the notch 
tip (mm) following a compressive pre-load of 90 kN for (a) isotropic and (b) kinematic plasticity model.
The results o f  each model are shown in Figure 4.17. Both m odels produce a peak stress close 
to the notch tip. This stress varies with distance along the m id-plane o f the specim en from 
the notch tip to the base o f  the specimen. The important difference between each m odel is the 
peak stress produced near the notch, which lies within the plastic zone. The peak residual 
stress is greater for the isotropic model (850 MPa) than for the bi-linear kinem atic m odel 
(750 MPa). This was expected from the description o f  the influence o f each model on the 
reverse yield point described in section 2.8.
Table 4.6 shows that the yield stress in the tensile direction was about 24% lower than that o f 
the previous compressive direction. This suggests that kinem atic behaviour is dominant.
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Figure 4.18 -  Residual elastic strain (£n) predicted by an isotropic and bi-linear kinematic plastic model 
compared to the elastic micro-strains measured by X-ray diffraction.
Figure 4.18 is a graph of the predicted residual elastic microstrain in the loading direction 
(8 n) for each plasticity model, compared to the strains measured using synchrotron X-ray 
diffraction. Using this graph it is possible to deduce the preferred plasticity model. The 
isotropic model and experimental results concur on the position of the peak residual elastic 
strain (approximately 1 mm from the notch tip). However, the isotropic model predicts the 
peak to be 13% higher than that of the measured value. The bi-linear kinematic model 
predicts a peak elastic strain at a distance of 2  mm, from the notch root, i.e. further into the 
specimen than the measured peak. This model however, accurately predicts the magnitude of 
the peak strain when compared to the measured peak.
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Figure 4.19 -  Visualisation of the residual elastic micro-strain distribution (£n ), after a compressive pre­
load of 90 kN has been applied, predicted by the (i) bi-linear kinematic simulation and (ii) measured by
X-ray diffraction.
Figure 4.19 shows a comparison o f the m easured m icro-strain distribution (i) around the 
notch tip and the predicted distribution (ii) by a bi-linear kinem atic plasticity model. In each 
map the tensile strains are concentrated in a lobe extending either side o f the notch root. A 
compressive region is also observed 5 mm below the notch in both plots, suggesting that a 
genuine prediction o f  the bulk distribution o f the elastic strain has been achieved in this 
model.
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Figure 4.20 -  Comparison of load-displacement data with model predictions.
From Figure 4.20 the isotropic and bi-linear kinematic plasticity models show the same load 
line displacement with applied loading. They predict a permanent displacement of 0.12 mm 
once the compressive pre-load has been removed. These predictions are in agreement with 
the observed load line displacement from CT specimen ESRF 2. However the models show a 
peak applied load of -87 kN whereas the peak recorded load was -93 kN. The variation 
between these two maximum loads is due to the simulation acting under displacement control 
whereas the experimental pre-load is under load control. The permanent displacement was 
observed to be smaller for specimen ESRF 2, 0.104 mm. These discrepancies do not have a 
significant influence on the resulting residual stress distribution and the model does provide a 
good approximation of the preloading behaviour.
Since the bi-linear kinematic model produced the closest match to the measured residual 
elastic strain distribution it has been applied to all successive models.
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4.7.2 Fatigue Crack Growth
Mesh Refinement at the Crack Tip
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Figure 4.21 -  Comparison of the through-thickness crack tip driving forces for a 33, 50 and 66 pm mesh
size around the crack tip.
It is important that an appropriate mesh size is used to enable an accurate indication o f  the 
crack tip driving forces induced by the residual stress field around the final crack tip. Three 
m eshes were constructed, having their smallest element size o f  33, 50 and 60 pm, to 
investigate the sensitivity o f the m esh to the size o f the elements around the crack tip. Each 
crack was grown to 3.6 mm. The results o f these meshes are shown in Figure 4.21 and they 
show only a marginal variation in crack tip driving forces w ith reduction in mesh size, as 
predicted by JEDI. Subsequent meshes were constructed using a 33 pm  mesh to provide 
highest resolution.
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Estimation of J at the Crack tip
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Figure 4.22 -  A graph of the estimated crack tip driving forces at mid-thickness for an expanding contour
radius, calculated using JEDI.
Figure 4.22 shows the variations in the estimated crack tip driving force calculated for an 
expanding contour radius by the ABAQUS post processor JEDI, as described in section 3.7.4. 
It can be seen that the results obtained are relatively path-independent, as would be expected 
from a calculation of J. This implies that the quality of the mesh surrounding the crack tip is 
sufficient to produce an accurate indication of the crack tip driving forces prior to the fracture 
process.
Fatigue Crack Growth Rate
Modelling the growth of a simplified fatigue crack in the numerical model has allowed 
investigation into the magnitude and distribution of residual stresses prior to the fracture 
process. Two types of crack growth were used, 1-step (instantaneous) and 3-step 
(progressive), to investigate the distribution of the residual stress field following fatigue crack 
growth.
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Figure 4.23 -  Variation in the maximum principal stress at the crack tip through thickness at the crack 
tip after simulated crack growth for two growth models.
Following the insertion of a crack the resulting stress distribution along the crack tip varies 
through the thickness, Figure 4.23, which suggests that the crack tip driving forces will also 
vary through the thickness.
Introducing the crack in 1-step produced a peak K that was approximately 9 % greater than 
introducing a crack in 3-steps, Figure 4.24. In each case the predicted crack tip driving force 
induced by the tensile residual stress field after fatigue crack growth simulation is a 
significant proportion of the as-received critical stress intensity factor, (84 % and 79 % for 
the 1- and 3-step growth models respectively). These proportions are far greater than 
observed during the fracture toughness tests, in which a reduction of 50 % in the apparent 
fracture toughness was observed.
Page 117
Fracture Behaviour of Ferritic Steel under the Action of Combined Mechanical and Residual Stress Loading
1 Step 
3 Step
38 -E
CO
CL
36 -
I \  \ |
- |  v r^  3 4 -
0  3 2 -
LL
O)
1  3 0 -  
Q
p  2 8  ‘ 
o
5  26 - 
O
6 80 2 4 1 0 1 2
Distance from Mid-thickness / mm
Figure 4.24 -  Predicted stress intensity factors at the end of crack growth for each crack growth rate
obtained through the JEDI post-processor.
It can be seen from Figure 4.25 that each of the fatigue crack growth models produces trends 
similar to those observed for the residual strain distribution measured by X-ray diffraction. 
Due to the influence of volume averaging, it is not possible to quantify the accuracy of the 
models prediction of the peak strains. Therefore the position and magnitude of the peak 
residual strain behind the crack tip were examined to identify the best simulation model.
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Figure 4.25 -  A plot of the residual elastic strain in the loading direction (eh) from the notch tip to the 
base of the specimen for each simulated crack growth rate and the measured distribution through X-ray
diffraction.
If the residual elastic strains behind the final crack tip are examined, a distinct pattern 
emerges for the 3-step growth model. At each of the intermediate crack tip positions a dip in 
the residual elastic strain is observed, as is shown in Figure 4.26 and Figure 4.27. The 1-step 
growth model initially provides the closest match to the measured en elastic strain 
distribution with respect to the strain behind the crack tip, peak strain position and magnitude 
of this peak. As can be seen in Figure 4.28 each intermediate point o f crack growth 
corresponds to a localised increase in the equivalent plastic strain.
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Figure 4.26 -  A comparison of the Ch residual elastic strains behind the crack tip as predicted by the 1- 
step crack growth model and measured by X-ray diffraction.
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Figure 4.27 - A comparison of the £n residual elastic strains behind the crack tip as predicted by the 3- 
step crack growth model and measured by X-ray diffraction.
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Figure 4.28 -  A graph of the equivalent plastic strain predicted at mid-thickness following a compressive 
pre-load of 90 kN and subsequent fatigue crack growth simulated using the time dependent model.
The influence of the induced plasticity is best viewed in a map of the en residual elastic 
strains around the notch tip for the 1- and 3-step crack growth models. Figure 4.29. Two 
regions o f compressive strain, approximately 500 microstrain, (shown as dark blue in Figure 
4.29), can be clearly seen at each intermediate point of crack growth. A flatter distribution of 
plastic strain at the crack tip has been produced with the increased number o f steps and hence 
increased plastic deformation during the fatigue crack growth process.
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Figure 4.29 -  Calculated residual elastic strain distribution (£n ), after a compressive pre-load and fatigue 
crack growth (i) through the 1 step introduction and (ii) 3 step introduction.
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Figure 4.30 - A graph of the calculated equivalent plastic strain at mid-thickness following a compressive 
pre-load and fatigue crack growth, using a 10-step steady crack growth model.
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Figure 4.30 shows that the amount of localised plasticity increases as the number of 
intermediate steps of crack growth increases. As additional crack growth steps are introduced, 
a plasticity wake appears to form behind the crack tip, as would be found in an experimental 
specimen.
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Figure 431 -  Comparison of the residual elastic strain distribution from the notch tip to the base of the 
specimen for an 18 step growth model and experimentally measured distribution.
With each additional crack growth step, the magnitude of the compressive strains behind 
crack tip increased. This does not correlate to the measured strain distribution which appears 
to show comparatively small tensile and compressive fluctuations behind the crack tip.
X-ray
Numerical
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Figure 4.32 -  Calculated residual elastic microstrain distribution (En), after a compressive pre-load and 
a fatigue crack has been grown from the notch root; (i) predicted by the bi linear kinematic simulation 
and (ii) measured by synchrotron X-ray diffraction.
Figure 4.32(i) shows the strain distribution around the notch tip for the 18-step model and 
Figure 4.32(ii) the measured strain distribution. Using the m aximum  and m inimum  strains 
observed in the num erical model as limits to the contour scale, it was not possible to obtain 
sufficient information about the bulk strains in the X-ray map. Therefore a secondary plot 
was used in which the maximum strain was capped at 1500 m icrostrain, this provided a better 
representation o f  the information available. The distribution predicted by the model agrees 
well with the distribution observed through the diffraction results. A  greater compressive 
region is observed behind the crack tip in the 18-step crack growth model, Figure 4.33 which 
corresponds to the line plots reported in Figure 4.30.
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Figure 4.33 - Calculated residual elastic microstrain distribution (En), after a compressive pre-load of 90 
kN has been applied and a fatigue crack has been grown from the notch root, (i) predicted by the bi­
linear kinematic simulation and (ii) measured by synchrotron X-ray diffraction. Results are capped at 
1500 micro-strain to allow visualisation of the bulk strains.
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Figure 4.34 - Predicted crack tip driving forces following simulated fatigue crack growth in 1 ,3 ,1 0  and
18 steps, calculated by JEDI.
Figure 4.34 shows that, despite the increased compressive strains observed behind the crack 
tip, an increase in the num ber o f crack growth steps reduces the crack tip driving forces. The 
increased num ber o f  intermediate steps also alters the profile o f  the crack tip driving forces 
along the crack front which appears flatter.
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4.7.3 Fatigue Crack Shape
The fatigue crack shape appears to follow the shape of the residual stress field which concurs 
with Aswath (1988), Section 4.2. The crack is then expected to be marginally shorter at mid­
thickness than at the free surface. This would result in a variable stress distribution along the 
crack tip and hence variable crack tip driving forces.
The fatigue crack shape can be influenced by slight material variations between specimens, 
for example, hard particles, regions of increased plasticity (Liiders bands), and small 
misalignments during preloading. This will cause the final crack shape to change and hence 
induce variations in the crack tip driving forces. The simulated crack length used in the 
previous simulations taken as the average measured crack length used in the calculation of 
K q  for ESRF 1. The simulated crack length is longer at mid-thickness and shorter at the free 
surface which will introduce inaccuracies. Therefore it is important to investigate the 
variation of real crack geometry on the final residual stress distribution. Introducing an 
experimentally measured crack shape into a numerical simulation can produce mesh 
complications.
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Figure 4.35 Comparison of the stress distributions predicted by the numerical models for real crack
shapes against simplified crack shape.
As can be seen from Figure 4.35 the model which used the experimentally derived crack 
shape produced a marginally lower crack tip driving force, approximately 2 MPa m0'5, at mid­
thickness whilst the peak crack tip driving forces are greater by approximately 5 MPa m0  5.
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The observed over estim ation at mid thickness and under estimation near the free surface o f 
the average crack tip driving force is not considered significant enough to justify  the add 
mesh complexity. Therefore it is suggested that future models should include the average 
straight crack tip.
4.8 Influence of the Tensile Residual Stress on the Fracture 
Behaviour
To measure the effect o f  the tensile residual stress field on the fracture behaviour o f  the SA 
508 material, probability o f  failure (PoF) curves were generated using the statistical process 
developed by W allin (1991). Since the fracture toughness specimens failed at values 
significantly higher than the minimum toughness, K mjn, described in the statistical analysis 
(E l921-05 2006), it was proposed that Kmjn should be calibrated to the as-received data 
(M irazee-Sisan et al. 2007).
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Figure 4.36 - Comparison of the predicted failure probability curves using a Kmin as stated in the 
standard (ASTM Standard) and a Kmin calibrated to the experimental data.
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The results from the as-received specimens along with the results from the Charpy specimen 
tests (AR data), which have been thickness corrected, were plotted according to their PoF. 
Using Equation 2.34 the predicted PoF was plotted using the empirically derived m inimum  
fracture toughness, KminWaiiin, and is shown in Figure 4.36. This curve does not provide a 
good fit to the experimental data. To produce an im proved indication o f the PoF the curve 
was calibrated to the experimental data using a sim ilar m ethod to M irzaee-Sisan (2007). A 
series o f curves predicting the PoF are created using varying values o f  K mjn.
The optimal value o f  Kmin was found to be 37 M Pa m0 5 and as can be seen from Figure 4.37, 
the correlation between this curve and the experimental data is excellent. This curve was used 
in all subsequent comparisons.
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Figure 4.37 -  Comparison of the predicted and measured failure probability for as-received and pre-
loaded specimens.
A new curve was plotted to predict the influence o f  the residual stress field on the PoF. This 
curve was generated by subtracting the JEDI predicted crack tip driving forces for an 18-step 
crack growth model, from the curve fitted to the as-received results. The accuracy o f  this 
prediction was tested by plotting the probability o f  failure o f  the pre-load (PL data) results on
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the same graph as that of the as-received specimens. The resulting plots produced are shown 
in Figure 4.37.
The position of the PoF curve, which has been adjusted for the greatest predicted influence of 
the residual stress field, (Pf-Kjedi (max)), is approximately 8  MPa m0 5  less than the 
experimental data results. The curve produced using the calculated tensile residual stress at 
mid-thickness, (Pf-Kjedi (mid)), shows a closer correlation to the pre-loaded specimens. This 
result was expected from the validation experiments discussed in Section 4.6.3, in which the 
residual strain distribution predicted by the simulation is greater than those measured. This 
also implies that the same would be true of the crack tip driving forces.
4.9 Summary
The results gained from the techniques discussed in chapter 3 were presented in this chapter. 
It was shown that the application of a 90 kN in-plane compressive pre-load reduced the 
apparent toughness of SA 508 ferritic steel by approximately 50%. It was shown that 
following a stress relief heat treatment the fracture toughness was reduced, suggesting that 
some material damage had occurred during the pre-loading process.
Modelling was used to calculate the residual stress fields induced by the in-plane 
compressive pre-loading. To determine an appropriate plasticity model the results produced 
by multi linear isotropic and bi-linear kinematic plasticity models were compared to results 
from X-ray diffraction and single and multi-cycle tensile tests. The results of the two 
simulations showed that the multi-linear isotropic model produced a peak residual stress 13% 
higher than the bi-linear kinematic model. Although there were some differences noted 
around the notch of the specimen each model showed a similar trend in the direction o f crack 
growth. Comparison with the experimental evidence showed that a combination of the two 
models was evident, although the bi-linear model appeared dominant.
It was shown that an increased number of crack growth steps corresponded with decreasing 
crack tip driving forces. However, the resulting crack tip driving force for the initial models 
were significantly greater, 79% for 3-steps, than the 50 % influence predicted by the fracture 
toughness tests. Upon further examination the progressive crack growth models behaviour 
demonstrated unrealistic accumulation of compressive plastic strains.
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Probability of failure curves were generated to determine the suitability of the predicted crack 
tip driving forces. The specimens subjected to an in-plane compressive pre-load showed a 
negative shift of 25 MPa m0 '5  in the mean probability of failure. The influence of the 
plasticity induced during the pre-loading process was also shown to produce a negative shift 
of approximately 5 MPa m0-5. The resulting curve was 8  MPa m0 '5  to the left of the 
experimental data for the peak crack tip driving forces and 2 MPa m0 '5 to the right for the 
crack tip driving forces at mid-thickness.
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5 Discussion
The main aims of this project were to gain some knowledge of the influence of tensile 
residual stresses on the fracture behaviour of ferritic steel. This included exploring various 
experimental techniques and analysing the information gained. This discussion will evaluate 
the experimentally obtained results and try to link them to the modelling. Areas that have 
been highlighted throughout this investigation will be mentioned as recommendations for 
further research.
5.1 Validation of the Numerical Analyses
High resolution X-ray diffraction was required to accurately measure stress and strain 
gradients within the material and hence validate the numerical models. The experimental 
results provided an excellent indication of the influence of the residual stress field induced by 
the compressive pre-loading.
When the results of the synchrotron X-ray experiments are compared against previous 
attempts to map the residual strain distributions it is clear that these results are a significant 
improvement. The results produced by Turski on 304L stainless steels (Turski 2004) and also 
Martinez-Perez (2004) contain a significant degree o f scatter which inhibits the validation of 
any model. Subtle variations in the residual strain distribution induced by altering the 
plasticity model will be hidden by the scatter observed. The discrepancies between previous 
models and the synchrotron results have usually been explained by deficiencies in the 
experimental procedure. These deficiencies have been a large gauge volume, necessary 
because of a relatively large grain size, lack of penetration power and increased sampling 
time per measurement point.
Each of these deficiencies has been eliminated in this experiment and the results, shown in 
Figure 4.18, show minimal scatter. This provides a sound base from which validation can be 
achieved. Thus permitting comparison of various assumptions used in the models with the 
resulting residual strain distribution.
Although these results shows less scatter than previous investigations, the steep stress / strain 
gradients at the crack tip in the fatigued specimen suggest that the measurement resolution
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may not truly capture the peak strains at the crack tip. It is possible that the peak strains could 
have been lost through volume averaging. The residual elastic strains measured in the map 
(Figure 4.16, 0.5 mm resolution) and the line scan (Figure 4.15, 0.125 mm resolution) both 
predict a peak of 1600 microstrain at the crack tip. Due to the similar values, obtained from 
the map and the line scan, it seems that the influence of volume averaging is small and that 
the measured strains represent a true value. It is unlikely that the peak strains around the 
crack can be measured better by other experimental techniques as all other techniques will 
show a similar, if not worse, influence of volume averaging. Another issue when measuring 
the residual elastic strains is ensuring the position of the line scan is in line with the crack tip. 
If there is a small misalignment the strains measured cannot match those predicted by the 
model. Given these considerations it is important that other areas are investigated to validate 
the models of fatigue crack growth.
Validation could be achieved if the self-balancing nature of the residual stress field is 
examined. Increasing the resolution of the X-ray diffraction map around the notch root will 
provide confirmation of the variations in strain, i.e. the shape and extension of the strain 
lobes. The map displayed in Figure 4.18 was produced with a measurement grid spacing of 
0.5 mm by 0.5 mm. The combination of relatively high peak strains at the crack tip and the 
coarse contour resolution results in a significant proportion of the detail being hidden. If the 
highest contour is capped at a fraction of the peak strain, important information about the 
strain field can be revealed. It is assumed that if the model is predicting the residual elastic 
strain distribution in the whole specimen then it might also be predicting the correct residual 
elastic strains at the crack tip. In which case there is some volume averaging in the 
measurements.
Hence we deduce that the experimental data for the pre-loaded specimen is suitable for 
comparison with the various plasticity models for the preloaded case. The results that have 
been achieved for the specimen subjected to fatigue show minimal scatter but there is some 
doubt about the crack tip strain values.
5.2 Residual Stress Induced in the Compact Tension Specimen
The results from the models of the compressive pre-load appear to reproduce the 
experimentally observed behaviour. It can be seen from Figure 4.20 that the numerical model 
correlates reasonably well with the experimentally measured load-line displacement for the
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CT specimen ESRF 2. This suggests that a comparable residual stress field is induced. It 
must be noted that the models are based on general material behaviour and therefore the 
stress fields produced will be a general description. As was shown in Figure 4.3 the load line 
displacement varies between each specimen. It is thought that the discrepancy will not cause 
a significant variation in the resulting residual stress field and hence the residual stress field 
will represent that induced in all specimens.
The maximum principal stress obtained from the two plasticity models varies significantly, as 
was expected from the theoretical discussion presented in section 2.7. These models represent 
the two extreme stress profiles that are likely to be achieved by the compressive pre-load.
When the results of the single- and multi-cycle tension-compression tests were examined it 
was clear that a combination of the two plasticity models was closer to experiment. The 
dominant mode of deformation appears to follow a kinematic model, since the relative 
reduction in reverse yield point is significantly greater than the increase observed with 
increasing pre-strain. This combination implies that the stress profile induced by the pre-load 
will lie between these two extremes. When the predicted and measured residual elastic strain 
close to the notch root in the loading direction are compared, as shown in Figure 4.18, it can 
be seen that this assumption is valid. Therefore, to obtain an accurate indication of the 
residual stress field induced through in-plane compressive pre-loading, a combined hardening 
model should be used.
An important observation that must be made is that the behaviour of each of these plasticity 
models is based on half-cycle data. Thus the model will not incorporate any potential 
softening of the material, i.e. the removal of the yield point phenomenon, which will occur 
during cyclic loading. This may invalidate any assessment made of either the translation or 
expansion of the yield surface that occurs during the pre-load.
5.3 Fatigue Crack Growth
Through the application of the cyclic compressive load it was observed that the crack 
appeared to have a steady growth rate. This is contrary to previously stated theory, which 
predicts a high crack growth rate close to the notch root that then slows as the crack grows 
further from the root. This is due to the weakening residual stress field (Suresh 1998). The
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ultimate crack growth rate for this configuration is dependent on the depth to which the 
tensile residual stress field extends from the notch tip.
The observed trends can be explained if the method of introducing the fatigue crack is 
examined. To ensure that the fatigue crack initiates from the centre of the initial notch, an 
EDM stress raiser is cut into the base notch. This stress raiser extends 0.8 mm from the notch 
root and provides a suitable stress concentration feature. Moving the start of the fatigue crack 
away from the notch tip where stresses are highest will reduce the initial crack growth rate 
and hence produce the apparent steady growth rate. If the crack was extended further into the 
material, a significant reduction in crack growth rate would be observed.
The simulation results have shown that the (fatigue) crack growth model used can 
significantly alter the predicted crack tip driving forces. It was shown that introducing a 
fatigue crack progressively reduced the predicted crack tip driving forces. This is in 
agreement with Fonseca et al. (2005), according to whom the instantaneous introduction of a 
crack leads to an amplified stress distribution and hence presents potential for a pessimistic 
structural integrity assessment.
It was also shown that, as the number of steps increased, a further reduction in the crack tip 
forces was observed in the simulations. These reductions are thought to be caused by the 
localised plasticity that was observed at each intermediate crack tip position. The localised 
plasticity acted to mechanically stress relieve the material through plastic dissipation of 
energy in the residual stress field. This resulted in a reduced crack tip driving force prior to 
the fracture process. A plasticity wake appeared to form behind the fatigue crack tip, an effect 
which is commonly observed during experimental fatigue crack growth. It is not known if the 
magnitude of this plasticity wake is o f the same order as would be observed in an 
experimental specimen. It is thought, however, that the model produces a significant 
overestimation of the observed plastic wake strains. For example, the 18-step growth model 
predicts a compressive strain of - 1 0 0 0 , behind the crack tip, compared to the - 2 0 0  micro­
strain measured by the X-ray diffraction at 3 mm from the notch root. The influence of the 
added plasticity is greatest on the peak crack tip driving force, resulting in a flatter crack tip 
driving force profile through the thickness of the specimen.
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If the crack was introduced by SCC, where minimal plasticity occurs during the growth 
phase, then an incremental growth model may lead to a non-conservative assessment due to 
reduced crack tip J values. A single step introduction of the crack may then be more 
appropriate.
It was assumed that the plasticity observed at each intermediate stage of crack growth in the 
model is far greater than would be observed in a real specimen. This is based on a series of 
simplifications, for instance, this model does not incorporate the crack closure that might be 
experienced during the application of cyclic compressive loads. This will significantly affect 
the stress intensity factor induced and hence the R ratio.
Another simplification is that the model crack tip is sharper than in the real specimen. 
Therefore the stress intensity factor will be greater, which may account for increased levels of 
plasticity at each intermediate crack tip position. The shape of the crack front during fatigue 
crack growth is also ignored in this method.
Finally, the distance between each increment of crack growth is significantly greater, 200 pm 
for the 18-step model, than would be observed in an experimental specimen in which growth 
can occur in micron steps. Using this method it is impractical to reduce the distance of each 
increment of crack growth without compromising the computational requirements of the 
simulation. Other models that could generate a better indication of the residual stress prior to 
fracture use line spring elements (Newman and Armen 1975) or Cellular Automata -  Finite 
Element (CAFE) modelling (Shterenlikht 2003).
This technique applies two line spring elements to each element in the direction of crack 
growth. One line spring element causes deformation in tension, the other in compression. The 
simulation of a pre-load is completed in a similar fashion to this model but the technique used 
in crack growth is not. To simulate fatigue crack growth the line spring element that can 
deform in tension is deleted which allows the crack to open under a tensile residual stress 
field. At each stage of crack growth a compressive cyclic load can be applied with the 
remaining line spring element resisting deformation past the symmetry plane and thus 
simulating crack closure. Unfortunately this technique is currently only applicable to a 2D 
simulation and a simulation under plane strain conditions would produce overly conservative 
predictions of the crack tip driving forces. This technique would also require further
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information on the material behaviour during the cyclic loading and how this could be 
applied to a situation where the material is experiencing variable strains and strain rates.
Due to issues with the method of fatigue crack growth in the simulation, which has been 
shown to induce excessive plastic strains at each intermediate crack growth step, it is not 
possible to compare the peak strains at the crack tip for the numerical and experimental 
methods. However, an assessment of the residual elastic strains behind the crack tip can be 
made. It was observed that each intermediate point of crack growth corresponded with a 
region of compressive residual elastic strain. The overall region of compressive residual 
elastic strain increased with an increased number of crack growth steps. This did not 
correspond to the measured residual elastic strains behind the crack tip, which appeared to 
fluctuate between tension and compression but were relatively minimal, as shown in Figure 
4.33.
It has been noted that there may be an issue of misalignment when conducting the line scan in 
specimen ESRF 1. The line scan was centred using the EDM starter notch which would 
produce a potential error of 100 pm away from mid-thickness. If the area behind the crack tip 
is examined, Figure 4.31, it can be seen that these compressive strains extend a significant 
distance away from the edge of the crack face. This suggests that if compressive strains were 
present they would be recorded in the X-ray results.
This information suggests that the boundary node release model does not accurately represent 
the behaviour of fatigue crack growth.
5.4 Fatigue Crack Shape
As stated earlier, the initial crack tip driving forces will be greater at mid-thickness and hence 
it is proposed that the fatigue crack will initiate within this region. The influence on the 
residual stress field is currently unknown but, due to its importance, it warrants further 
investigation.
The plastic zone that is induced during the compressive pre-load of the CT specimen will 
vary through-thickness as the constraint within the material varies. The plastic zone will be 
comparatively small at mid-thickness, where the constraint is highest, compared to the free 
surface. Therefore the induced residual stress will also vary through-thickness. The constraint
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within the specimen will also influence the tri-axial nature of the residual stress field. A plane 
stress state will exist at the free surface whereas, at mid-thickness, the stress state will 
approach plane strain. This will increase the magnitude of the residual stress field at mid­
thickness.
The fatigue crack growth rate is governed by the minimum and maximum stress intensity 
factors, known as the R ratio (where R=<w / <w ), induced by the applied loading. Since the 
applied compressive loading was fixed, a variable R ratio will be experienced through- 
thickness. The variable R ratio will produce a variable crack growth rate through-thickness 
and will result in a variable crack length through-thickness. Another feature of this type of 
crack growth is that the final crack length is controlled by the distance that the tensile 
components of the residual stress field extend from the notch root. Therefore the final fatigue 
crack will be longer at the free surface than at mid-thickness. This is due to the tensile field 
extending further from the notch root at the free surface because of the larger plastic zone 
size at the free surface.
Figure 4.6 shows that following low temperature fracture the fatigue crack shape was 
marginally shorter at mid-thickness and appeared to extend further into the material close to 
the free surface. This was in agreement with Suresh and Aswath (1988) who observed 
significant differences in the crack length through the thickness of the specimen.
An experimentally measured crack tip was used in the model to examine the influence of the 
fatigue crack shape on the resulting crack tip driving forces prior to the fracture process. The 
results showed a reduction in crack tip driving forces at mid-thickness, as shown in Figure 
4.35. It was previously assumed that with a shorter crack length at mid-thickness, the crack 
tip would be positioned in a greater residual stress field and thus experience a higher crack tip 
driving force. The cause of the reversal in behaviour is not clear although it might be caused 
by complications in the mesh structure to accommodate the experimentally measured crack 
shape. However, it has been shown that the prediction of crack tip driving force is relatively 
insensitive to the mesh structure, Figure 4.21.
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5.5 The Influence of the Residual Stress on the Fracture Process
The results from the fracture toughness tests have shown a significant reduction 
(approximately 50%) in the apparent fracture toughness SA508 following the application of a 
90 kN compressive pre-load (FTPL). This data also showed a small reduction (approximately 
10%) in the apparent fracture toughness following the application of the 90 kN compressive 
pre-load and subsequent stress relieving heat treatment (FTPLAN).
Due to limited material and experimental errors in the completion of the FTPLAN tests only 
two results were available for comparison with the other tests. Thus any conclusions drawn 
are on a provisional basis and further testing is required to substantiate any claims. However, 
the results suggest that the plasticity induced during the compressive preload is damaging the 
material and hence reducing its ability to resist unstable crack propagation. Although the 
FTPLAN specimens are subjected to a stress relieving heat treatment of 600 °C it is assumed 
that no re-crystallisation occurs during this process. This implies that any damage that has 
been induced, grain alignment or carbide de-cohesion, will remain.
During the application of the pre-load a series of lines on the polished surface could be 
observed to extend from the notch root. These lines are examples of Lüders bands which are 
localised areas of increased strain that follow the shear bands induced during the application 
of loading. If the crack tip were to sit in the middle of one of these bands the material 
behaviour will be altered and hence produce a reduced apparent fracture toughness. A study 
of the material micro-structure should be made. Any alignment within grains that could be 
detrimental to the material mechanical behaviour should be observable.
More specimens were tested in the FTPL series (8 ) than in FTPLAN (3) but again further 
testing is required to substantiate the conclusions drawn. The first difference between this 
series and the FTAR series, which represents the material in the as-received condition, is the 
fracture behaviour. Pop-in behaviour was observed in each specimen fractured at low 
temperature. From the residual stress profile after fatigue crack growth it can be seen that 
although a significant tensile residual stress is located near the crack tip it dissipates with a 
steep gradient. This implies that the primary load required to initiate a cleavage fracture is 
significantly reduced. As the crack grows the required primary loading increases rapidly as 
the secondary tensile stress is relieved, thus the crack arrests.
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The crack length after pop-in suggests that the tip is still located within the plastic zone 
created during the compressive pre-load. Using the crack length at the end of the pop-in, as a 
new value of ao, to re-calculate the fracture toughness of the material it was found that 
toughness increased. The new calculations gave a mean value of 37 MPa m0'5, comparable 
with the FTPLAN specimens at 42 MPa m0'5. This suggests that there is an insignificant 
influence of the tensile residual stress on the crack tip after popin.
Using a revised version of the Wallin probabilistic assessment procedure (Mirazee-Sisan et 
ah 2007), probability of failure curves were calculated to assess the influence of tensile 
residual stress field on the fracture behaviour of SA 508. In Figure 4.37 it can be seen that the 
influence of the compressive pre-load on the probabilistic failure assessment is significant.
Figure 4.23 shows the magnitude of the residual stress as it varies through-thickness and 
therefore the crack tip driving forces will also vary through-thickness (Figure 4.24). During 
the application of primary loading to a CT specimen the highest stresses will occur at the 
mid-thickness of the specimen, where constraint is highest; failure would have been expected 
here. The maximum residual stresses are not predicted at mid-thickness but at lA thickness 
from the free surface and therefore the influence of the residual stress may be more 
influential than constraint. To observe the influence of the predicted tensile residual stress, a 
set of new curves were calculated by subtracting the predicted crack tip driving forces from 
the curve fitted to the as-received data.
It was shown that the peak crack tip driving force produced an over-prediction of the 
probabilistic failure distribution of approximately 8  MPa m0'5. The results taken from mid­
thickness produce a slight under prediction with the altered failure curve lying close to the 
FTPL experimental results. Even though these results show a higher average than the FTPL 
failure curve it is thought that these results are also an over prediction. This is based on the 
fact that other factors will reduce the toughness such as the material degradation, caused by 
plasticity, as shown by FTPLAN specimens.
Accurate prediction of the failure location is important because it will be possible to refine 
the magnitude of the residual stress that will interact with the primary loading. Therefore it is 
recommended that a further model be created to examine the combined primary residual
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stress field loading during the fracture testing of the specimen. This will provide an improved 
indication of how the residual stress field interacts with applied primary loading within a CT 
specimen.
This information confirms that the numerical models are over-predicting the influence of the 
tensile residual stress field. From observations of the fracture toughness test series the shift in 
apparent fracture toughness is a combination of the damage incurred during the application of 
the compressive pre-load, possibly by plasticity, and the tensile residual stress field induced 
once the load is removed. Further tests are required to quantify the effect of each factor on the 
apparent fracture toughness. Once the detrimental influence of the induced plasticity is 
assessed the over-prediction of the models can be obtained. Until this is achieved it will not 
be possible to further assess the accuracy of any prediction.
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6 Conclusions and Future Work
The influence of combined mechanical and residual stress loading has been investigated 
through various experimental and numerical methods. The main conclusions that have been 
drawn from the results are presented below. Areas that warrant further examination will be 
presented in the following conclusions.
• The results of the fracture toughness tests have shown that a tensile residual stress 
field can reduce the critical stress intensity factor required for brittle fracture to 
initiate by up to an apparent 50%.
• Specimens which were subjected to the 90 kN compressive pre-load and subsequently 
stress relieved demonstrated a small reduction, approximately 1 0  %, in the apparent 
fracture toughness. This is thought to be caused by damage occurring during the 
compressive pre-load at room temperature.
• The presence of a tensile residual stress field induced pop-in behaviour in the fracture 
specimens. The combination of tensile residual stress and fracture loading, at -155 °C, 
caused brittle failure to initiate. As the crack propagated the influence of the residual 
stress decreased causing the brittle fracture to arrest. The pop-in crack front was 
observed to propagate a significant distance, 3.5 mm, into the material.
• Upon further loading, after a pop-in, the apparent fracture toughness was increased to 
a similar level of the FTPLAN specimens suggesting the residual stress was no longer 
acting but the crack still resided in the initial plastic zone.
• Numerical results have shown that the predicted residual stress distribution in the un­
cracked body is influenced by the plasticity model used to describe the materials post 
yield behaviour. An isotropic model produced a peak tensile residual stress 13 % 
greater than the kinematic model.
• Single cycle tests have shown that kinematic behaviour is observed within this SA 
508 material with a significant drop of 19% in the yield stress following an initial 
compressive pre-strain of 2.1 %. A 10 % increase in comparative reverse yield point
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was observed following a 4 % increase in pre-strain which suggests that isotropic 
behaviour is also present.
• A comparison of results from the X-Ray diffraction experiments at the ESRF with 
FEA data have shown that the best way to model the material would involve a 
combined kinematic and isotropic modelling approach.
• FE modelling results show that the estimated crack tip driving force prior to fracture 
is reduced with an increase in the number of crack growth increments. This reduction 
is induced by localised plasticity at intermediate crack tip positions.
• The estimated peak crack tip driving forces, ~ 32 MPa m0  5, after simulated fatigue 
crack growth are a significant fraction of the as-received fracture toughness, -48.6 
MPa m0'5. The proportion of the material toughness is greater than the 50 % reduction 
observed in the fracture toughness tests.
• The residual elastic strains measured by X-ray diffraction show good overall 
agreement with the numerical simulations. Although the predicted peak strains at the 
crack tip and compressive strain in the crack wake are over estimated by the FEA. 
This implies that potential crack tip driving forces will over estimated.
• Probability of failure curves showed that the shift in K q following a compressive pre­
load is significant. The compassion of the predicted peak crack tip driving force 
showed that the models were over predicting the magnitude of the residual stress 
field. Although the influence of the plastic deformation induced during pre-loading is 
unclear. Therefore the magnitude of this over estimation is unclear.
From these conclusions the following areas have been identified as areas which will require 
further investigation:
• It is suggested that an expanded number of specimens which have been subjected to a 
compressive pre-load and subsequently stress relieved be conducted. The information 
from these tests will provide more information on the influence o f the induced 
plasticity. An additional plot could be added to the probabilistic assessment and hence 
reveal the true influence of the tensile residual stress field.
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• Further work needs to be conducted on the reverse loading behaviour of the material 
and the plasticity induced by fatigue crack growth. Multiple tests should be carried 
out at each compressive pre-strain to remove experimental uncertainty from the 
results obtained.
• Future work should use a combined kinematic/isotropic model with information 
obtained during the single cycle tests. This will produce an improved indication of the 
residual stresses prior to the insertion of a fatigue crack.
• An investigation into the stresses and strains that are experienced during the growth of 
a fatigue crack. Use techniques such as digital image correlation or electronic speckle 
pattern interferometry to quantify the strains and potential crack closure during the 
fatigue cycle. Information that would be obtained would allow the researcher to 
review the influence of fatigue crack growth on the residual stress.
• To provide further information a second series of X-ray diffraction experiments 
should be attempted. Several specimens should be examined at various stages of the 
fatigue crack growth. A high resolution map, 0.125 -  0.25 mm measurement spacing, 
should be produced for each specimen. This will provide more information on how 
the residual stress field is altered by fatigue crack growth.
• An extension of the model to incorporate the application of the fracture load should be 
attempted. The results from this type of simulation will provide further information on 
the interaction of the primary and residual stresses. Hence, improve the predicted 
influence the tensile residual stress on the apparent fracture toughness.
• Structural integrity assessments such as R6  should be performed to assess the 
accuracy o f current methodologies on the treatment of residual stresses.
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Appendix A: Example Analysis Input Files
A l: ABAQUS Standard v6.6
*Node
1, -0.0130000003, 0.0350000001, 0.0125000002
2, 0.00504099997, 0.0474999994, 0.0125000002
3, -0.0149999997, 0.0394721366, 0.0125000002
4, -0.0149999997, 0.0474999994, 0.0125000002
5, -0.0149999997, 0.0305278637, 0.0125000002
59706, 0.0138051296,
59707, 0.0137175461,
59708, 0.0136251468,
59709, 0.0135270618,
59710, 0.0134218419,
59711, 0.0133073637,
59712, 0.0131809041, 
^Element, type=C3D8R
0.010758454,
0.0106787691,
0.010594178,
0.0105038146,
0.0104062418,
0.0102992319,
0.010179338,
1.86264518e-10
1.86264518e-10
1.86264518e-10
1.86264518e-10
1.86264518e-10
1.86264518e-10
1.86264518e-10
1, 52, 632, 625, 1, 3784, 4364, 4357, 3733
2, 632, 633, 626, 625, 4364, 4365, 4358, 4357
3,
*
633, 634, 627, 626, 4365, 4366, 4359, 4358
*
54191, 52821, 52822, 55977, 55976, 56553, 56554, 59709, 59708
54192, 52822, 52823, 55978, 55977, 56554, 56555, 59710, 59709
54193, 52823, 52824, 55979, 55978, 56555, 5 655 6, 59711, 59710
54194, 52824, 52825, 55980, 55979, 56556, 56557, 59712, 59711
54195, 52825, 52273, 52826, 55980, 56557, 56005, 56558, 59712
**  D e f i n i t i o n  o f  t h e  r e f e r e n c e  n o d e  on  t h e  a n a l y t i c a l l y  r i g i d  b o d y
representing the pin 
*node
100001,-0.0190,0.0350,0.0
*nset, nset=ref
100001
**  D e f i n i t i o n  o f  t h e  n o d e  fro m  w h ic h  t h e  l o a d  l i n e  d i s p l a c e m e n t s  w i l l  b e  
**  r e c o r d e d
*nset, nset=clip 
18675
*Nset, nset=_PickedSet2, generate 
1, 59712, 1
*Elset, elset=_PickedSet2, generate 
1, 54195, 1
** Region : (ct: Picked)
*Elset, elset=_PickedSet2, generate 
1, 54195, 1
** Section : ct
*Solid Section, elset=_PickedSet2, material=sa508 
1 . ,
** D e f i n i t i o n  o f  t h e  a n a l y t i c a l l y  r i g i d  b o d y  w h ic h  r e p r e s e n t s  t h e  p in
*SURFACE,NAME=pin,TYPE=REVOLUTION,FILLET RADIUS=0.006 
-0.0190,0.035,0,-0.0190,0.0350,0.0125 
START,0.006,0.0125 
LINE,0.006,0.0
*RIGID BODY,ANALYTICAL SURFACE=pin,REF NODE=100001
*Nset, nset=_PickedSet4
18, 19, 20, 24, 27, 28,
175, 176, 177, 178, 179, 290
30, 31, 32, 174,
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291, 292, 293, 294, 295, 395, 396, 397, 398, 399,
400, 401, 402, 403, 404, 405
~k
*
56542, 56543, 56544, 56545, 56546, 56547, 56548, 56596, 56597, 56598,
56599, 56600, 56601, 56602, 56603, 56604
*Elset, elset=_PickedSet4
179, 209, 239, 269, 328, 358, 388, 418, 748, 778,
808, 838, 868, 898, 928, 1589
1590, 1591, 1592, 1593, 1594, 1595, 1596, 1597, 1598, 1599,
*
*
53235, 53265, 53295, 53325, 53355, 53385, 53596, 53626, 53656, 53686,
53716, 53746, 53776, 53806, 53836, 53866
*Nset, nset=_PickedSetll, generate 
1, 3732, 1
*Elset, elset=_PickedSetll, generate 
1, 3613, 1
*Nset, nset=_PickedSet228
18, 19, 20, 24, 30, 31, 174, 175, 176, 177,
178, 179, 290, 291, 292, 293
294, 295, 474, 475, 476, 477, 478, 479, 480, 481,
56455, 56456, 56457, 56458, 56459, 56460
56461, 56462, 56463, 56464, 56465, 56466, 56467, 56540, 56541, 56542,
56543, 56544, 56545, 56546, 56547, 56548
*Elset, elset=_PickedSet228
179, 209, 239, 269, 328, 358, 388, 418, 748, 778,
808, 838, 868, 898, 928, 1633
52545, 52575, 52605, 52635, 53115, 53145
53175, 53205, 53235, 53265, 53295, 53325, 53355, 53385
*Elset, elset= dimple 26
1, 9, 3614, 3622, 7227, 7235, 10840, 10848, 14453, 14461,
18066, 18074, 21679, 21687, 25292, 25300
28905, 28913, 32518, 32526, 36131, 36139, 39744, 39752, 43357, 43365,
46970, 46978, 50583, 50591
*Elset, elset= dimple 24
48, 56, 3661, 3669, 7274, 7282, 10887, 10895, 14500, 14508,
18113, 18121, 21726, 21734, 25339, 25347
28952, 28960, 32565, 32573, 36178, 36186, 39791, 39799, 43404, 43412,
47017, 47025, 50630, 50638
** d e f i n i t i o n  o f  t h e  s u r f a c e  u p o n  w h ic h  t h e  p i n  w i l l  com e i n t o  c o n t a c t
^Surface, type=ELEMENT, name=dimple 
_dimple_S6, S6 
_dimple_S4, 24
** MATERIALS 
* *
** d e f i n i t i o n  o f  t h e  e l a s t i c  a n d  b i l i n e a r  k in e m a t i c  h a r d e n in g  p r o p e r t i e s
^Material, name=sa508
^Elastic
2.2e+ll, 0.3
*Plastic, hardening=KINEMATIC
4.95e+08, 0.
7.52e+08, 0.073 
* *
** BOUNDARY CONDITIONS
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*  *
** Name: X -sym  T ype : S y m m e t r y /A n t is y m m e tr y /E n c a s t r e  
** Definition of the initial x plane of symmetry
* B o u n d a ry
_ P i c k e d S e t 4 z XSYMM
** Name : zsym  T y p e: S y m m e t r y /A n t is y m m e tr y /E n c a s t r e  
** definition of the z plane of symmetry
* B o u n d a ry
_ P i c k e d S e t l l ,  ZSYMM
** This commend fixs the reference point of the analytical body and hence 
** the whole body to movement in on the x (1) axis
1 0 0 0 0 1 , 2 ,6
* S u r f a c e  I n t e r a c t i o n ,  name=NOFRIC
1 . /
* F r i c t i o n
0 . ,
** Definition of the two surfaces which will come into contact
*CONTACT PAIR,INTERACTION=NOFRICTION,SMALL SLIDING  
d i m p l e ,p i n
* SURFACE INTERACTION, NAME=NOFRICTION
* *  -________________________________________________
* *
** STEP: lo a d  
*  *
* S t e p ,  n a m e = lo a d , n lgeom = Y E S , in c = 1 0 0 0  
* S t a t i c
0 . 0 1 ,  1 . ,  l e - 0 5 ,  1 .
** Definition of the initial displacement of the pin to apply a set pre- 
** load
* b o u n d a r y
1 0 0 0 0 1 , 1 ,1 , 0 .0 0 0 2 6 5
* *
** OUTPUT REQUESTS 
* *
^ R e s t a r t ,  w r i t e ,  f r e q u e n c y = 0  
*  *
** FIELD OUTPUT: F -O u t p u t -1  
*  *
* O u tp u t ,  f i e l d  
*N ode O u tp u t  
CF, RF, U
* E le m e n t  O u tp u t , d ir e c t io n s = Y E S
EE, LE, PE, PEEQ, PEMAG, 5
* C o n t a c t  O u tp u t
C D ISP, CSTRESS 
*  *
** HISTORY OUTPUT: H -O u tp u t-1  
*  *
* O u tp u t , h i s t o r y ,  variab le= P R E SE L E C T
** The four lines below prompt the recording of the x plane displacement of 
** the node representing the clip gauge and the resulting force in the x 
** axis
*N ode O u tp u t ,  n s e t = c l i p  
U1
*N ode O u tp u t ,  n s e t = r e f  
RF1
*End S t e p
* * __________________________________________________________________________
* *
** STEP: u n lo a d  
* *
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* S t e p ,  n a m e = u n lo a d , n lgeom = Y E S , in c = 1 0 0 0  
* S t a t i c
0 . 0 1 ,  1 . ,  l e - 0 5 ,  1 .
** T h is  command i n s t r u c t s  t h e  p in  t o  r e t u r n  t o  i t s  o r i g i n a l  p o s i t i o n  
* b o u n d a r y  
1 0 0 0 0 1 , 1 , 1 , 0 . 0  
*  *
** OUTPUT REQUESTS 
*  *
^ R e s t a r t ,  w r i t e ,  f r e q u e n c y = 0  
* *
** FIELD OUTPUT: F -O u tp u t -1  
* *
** The next few lines define the out put command requried to perform the 
** JEDI postprocessor analysis
*EL FILE,POSITION=NODES 
E, EE
*EL FILE,POSITION=INTEGRATION POINTS 
ENER, S 
*NODE FILE 
U
* O u tp u t ,  f i e l d  
*N ode O u tp u t  
CF, RF, U
* E le m e n t  O u tp u t , d ir e c t io n s = Y E S  
EE, LE, PE, PEEQ, PEMAG, 5 
* C o n t a c t  O u tp u t  
CD ISP, CSTRESS 
* *
** HISTORY OUTPUT: H -O u tp u t-1  
* *
* O u tp u t , h i s t o r y ,  variab le= P R E S E L E C T  
*N ode O u tp u t , n s e t = c l i p  
U1
*N ode O u tp u t , n s e t = r e f  
R Fl
*End S te p
*  *  __________________________________________________________________________
* *
** STEP : c r a c k l  
*  *
* S t e p ,  n a m e = c r a c k l ,  n lgeom = Y E S , in c = 1 0 0 0  
* S t a t i c
0 . 0 1 ,  1 . ,  l e - 0 5 ,  1 .
* *
** BOUNDARY CONDITIONS 
* *
** To simulate crack growth a new symmetry plane in the x plane of symmetry 
** is created.
** t h i s  t a s k  i s  r e p e a t e d  i n  e a c h  s t e p  w h e re  c r a c k  g r o w th  i s  s im u la t e d  
** Name : X -sym  T ype : S y m m e t r y /A n t is y m m e tr y /E n c a s t r e  
* B o u n d a r y , op=NEW
** Name : c r a c k l  T ype : S y m m e tr y /A n t is y m m e tr y /E n c a s t r e  
* B o u n d a r y , op=NEW 
_ P ic k e d S e t 2 2 8 ,  XSYMM
** Name : zsym  Type : S y m m e tr y /A n t is y m m e tr y /E n c a s t r e  
* B o u n d a r y , op=NEW 
_ P i c k e d S e t l l ,  ZSYMM
1 0 0 0 0 1 , 2 , 6
*  *
** OUTPUT REQUESTS
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* *
*Restart, write, frequency=0 
*  *
** FIELD OUTPUT: F-Output-1
*Output, field 
*Node Output 
CF, RF, U
*Element Output, directions=YES 
EE, LE, PE, PEEQ, PEMAG, S 
*Contact Output 
CDISP, CSTRESS 
*  *
** HISTORY OUTPUT: H-Output-1 
*  *
*Output, history, variable=PRESELECT 
*Node Output, nset=clip 
U1
*Node Output, nset=ref 
RFl
*End Step
A2: JEDI v 1.09
gabaqus job 
new-mesh-l-step 
Qconnectivity file 
1
^proportional ( d e f i n e s  i f  t h i s  p r o b le m  c o n t a i n s  p r o p o r t i o n a l  l o a d i n g  i n  
t h i s  c a s e  i t  i s  a ssu m e d  t h a t  i t  d o e s  n o t )
0
@incremental (defines the 
0
@initial step and increment ( d e f i n e s  t h e  i n i t i a l  s t e p  a n d  in c r e m e n t  fro m  
w h ic h  t h e  r e l e v a n t  i n f o r m a t i o n  i s  r e c o r d e d )
2 , 1 1
@number of domains( d e f i n e s  t h e  num ber o f  d o m a in s  t h a t  a r e  t o  b e  g e n e r a t e d )
12
@number of crack front positions ( d e f i n e  t h e  n um ber o f  c r a c k  t i p  p o s i t i o n s  
i n  t h e  3D m o d e l)
16
@crack front nodes and virtual extension directions ( d e f i n e s  t h e  c r a c k  n o d e  
l a b e l s  a n d  t h e  d i r e c t i o n  i n  w h ic h  t h e  v a l u e  i s  c a l c u l a t e d )
31, 0 0, -1 .0, 0 0
3763, 0 .0, -1.0 , 0.0
7495, 0 .0, -1.0 , 0.0
11227 0.0, -1.0 0 .0
14959 0.0, -1.0 0 .0
18691 0.0, -1.0 0 .0
22423 0.0, -1.0 0 .0
26155 0.0, -1.0 0 .0
29887 0.0, -1 .0 0 .0
33619 0.0, -1.0 0 .0
37351 0.0, -1.0 0 .0
41083 0.0, -1.0 0 .0
44815 0.0, -1.0 0 .0
48547 0.0, -1.0 0.0
52279 0.0, -1.0 0 .0
56011 0.0, -1.0 0 .0
@symmetry factor ( d e f i n e s  t h e  num ber o f  sy m m etry  p l a n e s  u s e d  i n  t h e  
s i m u l a t i o n )
2
@report ( t e l l s  p o s t  p r o c e s s o r  t o  p r o d u c e  a  r e p o r t )
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1
Q v e r b o se  (defines how much information is listed in the report)
1
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